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In the name of Allah, the Beneficent, the Merciful
And thou seest the hills thou deemest solid flying with the
flight of clouds: the doing of Allah Who perfecteth all
things. Lo! He is informed of what ye do. (88)

I dedicate this thesis to my
grandmother's spirit of pure,
To my parents……..
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ABSTRACT
The Hasanbag Arc Complex (HAC) is situated near Sidekan, 100 km northeast of Erbil
city, Kurdistan region, within the Iraqi Zagros Suture Zone (IZSZ). It forms part of an
ophiolite bearing terrane referred to as the ‘Upper Allochthon’ or Gemo-Qandil Group.
The igneous complex is comprised of volcanic rocks of arc affinity cross-cut by dolerite
and diorite dykes. The HAC consists predominantly of calc-alkaline basaltic andesites
to andesites, which in the past have been interpreted as a part of the Eocene Walash
volcanics. However, Ar-Ar dating of magmatic hornblende from the Hasanbag volcanic
rocks indicate an Albian – Turonian age (106-92 Ma). The discovery of Late Cretaceous
arc volcanism reveals an as yet unidentified episode of Late Cretaceous, Neo-Tethyan
ophiolite-arc complex in the Iraqi Zagros Thrust Zone that may well represent lateral
equivalents of the ophiolite-arc sequences in Oman-Neyriz and Cyprus. The
petrography and mineral chemistry of the HAC shows that plagioclase, pyroxene,
amphibole and iron oxides are the main phenocrysts. Albite forms the main composition
of the subhedral laths and microlites in the matrix but primary oligoclase (An27) is also
observed. All clinopyroxene samples are augite (Wo44.46-En46.43-Fs9.1) and amphibole is
Ti-rich hornblende (kaersutite). Iron oxides are mostly ilmenite, magnetite and
hematomagnetite, while apatite, sphene and zircon occur as accessory minerals. Arc
spatial-chemical relationships indicate magmatic evolution of a calc-alkaline, island-arc
suite with low-K characteristics. The geochemical variation in the rocks can be
explained by fractionation of common mineral phases such as plagioclase,
clinopyroxene, hornblende, magnetite and apatite. The subduction signature of volcanic
and subvolcanic rocks of the HAC is confirmed by the Nb/Yb-Th/Yb diagram, which
shows that all the samples fall within the compositional field of arc-related rocks, and
above the field of the MORB-OIB mantle array. Their Nb/Yb > 3 suggests their mantle
source had considerable subduction influence and the resulting magmas were affected
by a significant contamination of lithospheric material from the pre-existing crustal
component.They are generated from the mantle wedge within a supra-subduction zone
setting and are influenced by slab-derived components. HAC samples show enrichment
relative to N-MORB in the large-ion lithophile elements and depletion in the high fieldstrength elements with characteristic Nb troughs, confirming a subduction influence.
The HAC shows similar geochemical trends to arc rocks from Neyriz in south western
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Iran. We interpret the HAC as a remnant of Late Cretaceous ophiolite/arc rocks that
developed within the Neo-Tethys Ocean and were subsequently accreted to the Arabian
Plate during the Late Cretaceous to Paleocene. This is the first time that Late Cretaceous
ophiolite-arc complexes have been identified in the Iraqi Zagros collision zone and
unequivocally separates the HAC from the similar, but younger, Eocene - Oligocene
Walash-Naopurdan arc-backarc complex.
A comprehensive petrographic, geochronological, and geochemical study of a group of
samples from the Walash-Naopurdan volcanic and subvolcanic rocks in four provinces,
Mawat, Galalah-Choman, Leren (Sidekan) and Qalander-Sheikhan was carried out. The
study area is within a lower allochthonous thrust sheet that occupies part of the Iraqi
Zagros Suture Zone (IZSZ), northeast Iraq.. 40Ar-39Ar dates on three magmatic feldspar
separates, one from Walash and two from Naopurdan volcanic rocks, indicate an
Eocene-Oligocene age (43.01 ± 0.15 to 24.31 ± 0.60 Ma). The petrographic study shows
the disappearance of some original textural and mineralogical characteristics, due to the
superimposed conditions that prevailed during ocean-floor and subsequent hydrothermal
alteration. This led to the appearance of secondary minerals that partially or completely
replaced the original ones in both the Walash and Naopurdan volcanic rocks. The
petrography and mineral chemistry confirm that all Walash-Naopurdan rocks are mafic
to intermediate and show that plagioclase, pyroxene, and iron oxides are the main
phenocrysts, whereas, apatite, sphene and zircon occur as accessory minerals. Variation
of the less mobile elements (such as Ti, Zr, P, Y, Nb and REE) conforms that the
majority of the rocks are basic in composition with basalt to andesitic basalt for
Naopurdan samples and basalt to basaltic andesite, alkali basalt to trachytic andesite for
Walash samples, and that they have subalkaline (tholeiite for Naopurdan and calcalkaline to alkaline for Walash) affinities. Also these elements show that the studied
rocks represent assemblage of island-arc tholeiite affinity (IAT) for Naopurdan and
calc-alkaline to alkaline affinity (CAB-AK) for Walash. These rocks can be related to
different degrees of partial melting. The magma of Walash alkaline and calc-alkaline
rocks was generated by <5% and about 10-20% partial melting of a slightly enriched
upper mantle source (spinel lherzolite), followed by fractional crystallization during the
ascending of magma to the surface, while, Naopurdan samples are fractionated from a
mostly more than 20% partial melting of a depleted mantle source. It is evident from
ii

the, field, age, petrographic and tectonomagmatic evidence that the Walash and
Naopurdan rocks formed in back-arc and arc environments, respectively.
The tectonic model proposed opening of the Neo-Tethys and separation of the
Sanandaj-Sirjan microplate from the Arabian plate in the Permian to Triassic. During
the Early Cretaceous a supra-subduction zone ophiolite/arc complex, represented by the
Hasanbag rocks (106-92 Ma), developed in the Neo-Tethys Ocean and was
subsequently obducted onto the Arabian continental margin during the Late Cretaceous
to Paleocene. This collision initiated a new intra-oceanic subduction system in the NeoTethyan Ocean. The Walash Group includes calc-alkaline volcanic rocks with a distinct
backarc geochemical signature (enrichments in highly incompatible elements relative to
less incompatible elements (i.e. LREE/HREE and high Th/Nb, Nb/Zr), which
commenced in the Eocene (43-34 Ma). The Naopurdan and limited Walash volcanic
rocks are characterized by alkaline magmatism and were erupted during the final stage
of intra Neo-Tethys oceanic subduction (33-24 Ma), before the final closure of NeoTethys. Development of the Walash-Naopurdan arc – back-arc system up until 33-24
million years ago indicates that arc collision with the Arabian continental passive
margin must have occurred after the youngest age of volcanism, probably during the
Early Miocene (23-16? Ma). Final continent-continent collision between the IranianTurkish and Arabian continents occurred when the final remnants of the Neo-Tethys
were subducted beneath the Iranian-Turkish continent resulting in collision with the
Arabian continent, probably during the Middle? Miocene.
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Chapter One
Introduction
1. Introduction
The Iraqi part of the Zagros Suture Zone in north and northeastern Iraq is formed of
many overriding nappes composed of ophiolite complexes, layered and pillow lavas and
Tertiary sedimentary deposits (Buday, 1980). All these groups are separated by crush
zones and thrusts (Bolton, 1958). The Iraqi Zagros Suture Zone (IZSZ) has been studied
by many workers since it represents the collision site between the Arabian and the
Iranian plates in the northeast and the Arabian and Turkish plates in the north (Searle et
al., 1980; Hall, 1980, 1982; Abbotts, 1981; Babaie et al., 2001; Omrani et al., 2008;
Ismail et al., 2009, 2010; Aswad et al., 2011). A study of the Late Cretaceous
(Hasanbag Group) and Paleogene (Walash--Naopurdan Group) volcanic and
subvolcanic rocks is considered vital for understanding the evolution of volcanic
segments of the Neo-Tethys Ocean in the northern and northeastern parts of Iraq and to
determine the time of collision between the Arabian and Iranian continental plates.
Remnants of these units are present in three major nappes in the area. Access to this part
of Iraq during the past four decades has been limited due to ongoing war and landmine
threats making some areas virtually inaccessible to study. Nevertheless, some previous
work (e.g. Bolton, 1958; Buday, 1980; Buday and Jassim, 1987; Jassim and Goff, 2006)
suggests that volcanic and volcanosedimentry rocks exist in the Iraqi Zagros Suture
Zone. In northeastern Iraq these rocks were named the Hasanbag, Walash and
Naopurdan Groups.
1.2. General geology and location of studied areas
The study areas forms part of the Tethyan arc-related volcanic rocks which are located
in the Kurdistan Region, northeast Iraq near the Iraqi-Iranian border (Figs 1.1 and 1.2).
The area is also part of the Western Zagros Fold-Thrust Belt, which developed as a
response to the collision of the Arabian and Iranian plates and filled the Neotethys basin
with sediments (Alavi, 2004). The Hasanbag, Walash and Naopurdan Groups crop out
in nappes in four main areas in northeastern Iraq within the IZSZ. The Hasanbag Group
occurs in a single province while samples of the Walash-Naopurdan Group were
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collected from four provinces in the IZTZ (Figs 1.2, 1.3 and 2.4). Rocks from Hasanbag
Mountain, being in the prolonged armed conflict area, are described for the first time in
this thesis.

Hasanbag volcanic and subvolcanic (H) samples were collected from this mountain (in a
top-to-bottom order).
The Walash samples were collected from three different locations:
(1) Mawat (named after Mawat village, M samples),
(2) Galalah to Haj-Omran area where the samples were collected from Choman (Ch)
and Galalah (Ga) locations, and
(3) Leren area (Lw), where the samples were collected from northwest of Hasanbag
Mountain.
Naopurdan samples were collected from two main areas. The first one is the Qalander
area (where the Naopurdan volcanic and subvolcanic rocks were sampled from two
sections located in Jabal Qalander (Q) in the Baradost area, and north of Sheikhan (Sh)
village. The second province represents the Leren (Ln) area, where the Naopurdan rocks
were sampled from northwest of Hasanbag Mountain.
These studied areas (from southeast to northwest) are described below:
1.2.1. Mawat
This area lies between longitudes 45o 24/ 56.8// – 45o 25/ 33.2// E and latitudes 35o 54/ 3//
– 35o 54/ 24.1// N, and it is located 25 km northeast of Sulaymaniyah city and 20 km
southeast of Mawat town, Kurdistan region, within the IZTZ (Figs 1.1 and 2.4). The
Walash succession in the Mawat area starts at the bottom with pillow lavas, pyroclastic
rocks, slates and calcic schist (probable amphibolite) overlain by a gabbroic body about
50 m thick starting with fine gabbro at the bottom grading to coarse gabbro at the top.
A diorite dyke intrudes the upper part of the gabbroic body and chilled margins are
observed in the diorite dyke sample (Fig. 1.4). In addition, the weathered dyke is
reddish brown while the weathered gabbroic body is grayish green. The area is cut by
shear zones and faults with varying orientations. This sequence is overlain by
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metasediments (slate and marble) and basaltic andesite and dacite with about 25 m of
reddish gray weathering surface layer. Structurally overlying this is a unit of probable
pyroxenite altered to amphibolite, followed by marble and slate overlain by pillow lavas
and pyroclastic rocks interspersed with volcanic ash. All these rocks are faulted,
thrusted and sheared. In the Mawat area the contacts between the Red Beds, Walash
volcanic rocks and Mawat ophiolite are clearly visible (Fig. 2.7).
1.2.2. Galalah-Choman area
The Galalah area lies between the longitudes 44o 50/ 54.155// – 44o 52/ 7.49// E and
latitudes 36o 36/ 45.589// – 36o 36/ 53.336// N, and is situated within Galalah village
which is about 150 km from Erbil city, Kurdistan region, within the IZTZ (Figs 1.1, 1.2
and 1.3). Topographically, the area is mountainous, consisting of a number of parallel
ranges within the Zagros Mountains. The sampled section at Galalah (from bottom to
top) consists of brecciated, layered and pillow lavas alternating with volcaniclastics of
mafic and ultramafic protolith reaching a total thickness of nearly 50 m (Fig. 1.5). This
is overlain by 40 m of massive serpentinite covered by slate and marble. Here the exotic
block of marble appears as a block in a matrix melange (a heterogeneous mixture of
calcite, chlorite and serpentinite) cropping out in the field as phyllonite (Fig. 1.6). This,
in turn, is overlain by a thin layer of radiolarian chert (Fig. 1.7) followed by Red Beds
that are separated from the radiolarian chert by a crush zone. The weathered pillow lava
is dark brown to black while the pyroclastic rocks are greenish yellow and the volcanic
ash is grayish green.
The Choman area lies between the longitudes 44 o 55/ 12.105// – 44o 56/ 1.885// E and
latitudes 36o 39/ 37.521// – 36o 39/ 47.677// N which is about 160 km from Erbil city,
Kurdistan region, within the IZTZ (Figs 1.1, 1.2 and 1.3). In the Choman area the
volcanic rocks are mainly pillow lavas with variable thicknesses, sometimes reaching up
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to 200 m thick, where the average dimensions of each pillow is 2 m long with a radius
of 0.9 m (Fig. 1.8). The external surfaces of the pillow lavas are characterized by
vesicular or amygdaloidal textures where the ratio of vesicles decreases inwards. The
pillow lavas are intercalated with volcanic ash, tuff and volcanic breccias. The
weathered pillow lava in the Choman area is red brown. The inter-pillow areas are filled
with ash while pyroclastic deposits envelop the pillow lava (Fig. 1.9). There are also
thin bands of layered metaclastic rocks (15 m thick) that represent the eroded products
of the neighbouring volcanic rocks. The samples from this area were collected from
outcrops along the main road between Choman and Darband (Fig. 1.10).
1.2.3. Hasanbag-Leren
The Hasanbag area lies between the longitudes 44o 38/ 46.409// – 44o 38/ 3.358// E and
latitudes 36º 43/ 8.848// – 36o 43/ 33.837// N while the Leren area lies between the
longitudes 44o 38/ 17.95// – 44o 35/ 21.583// E and latitudes 36o 44/ 10.226// – 36o 44/
54.572// N which is situated near Sidekan, 100 km northeast of Erbil city, Kurdistan
region, within the IZTZ (Figs 1.1, 1.2 and 1.3). The samples were collected from
Hasanbag mountain and the Leren area (both Walash and Naopurdan). The Leren
section starts with pillow lavas that are cross-cut by quartz, epidote and chlorite veins,
whereas in the upper part of the section, the rocks have been transformed into chloriterich slate due to intense deformation and low grade regional metamorphism that took
place during continental collision (Aziz, 1993).
The contact between the lower metavolcanic (pyroclastic) rocks in the Leren area and
upper part of the metasediment (slate, shale and sandstone) is sheared and highly
weathered (see Fig. 1.11). The metasediment is highly fossiliferous black shale
alternating with lenses of sandstone about 20 cm thick all cross-cut by veins of calcite
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(Fig. 1.12). These rocks are overlain by radiolarian chert (Fig. 1.13). Some faults and
folds have been observed (e.g. Fig. 1.14). The thickness of the Leren sequence is
uncertain due to thrusting but is probably about 1000-2000 m. The Hasanbag samples
were collected along the main road starting from the bottom to the top of the mountain.
They consist of a thick (nearly 700 m) volcanic sequence including lava flows with
associated doleritic and diorite dykes (Fig. 1.15).
1.2.4. Qalander-Sheikhan area
The Qalander area lies between longitudes 44o 28/ 0.221// – 44o 28/ 21.342// E and
latitudes l36o 46/ 53.773// – 36o 47/ 14.28// N, and is located 100 km northeast of Erbil
city and is also about 10 km to the east of Mirgasur, Kurdistan region, within the IZTZ
(Figs 1.1, 1.2 and 1.3). The area is complicated and mountainous, consisting of rugged
mountains, scarps and valleys (Fig. 1.10). Samples have been collected from Qalander
Mountain beginning at Sardaw village in the Baradost area of the IZTZ (Fig. 2.6).
The sampled section at Jabal Qalander (from bottom to top) consists of sedimentary
rocks Govanda Limestone of Early-Middle Miocene age overlain by Middle-Late
Miocene sandstones of the Red Beds. The sedimentary rocks are sandwiched between
the autochthonous Tanjero and Aqra Formations at the bottom (Late Cretaceous) and
the metavolcanic Naopurdan rocks at the top. All contacts between the sedimentary
rocks and the underlying or overlying rocks are tectonic and marked by crush and
mélange zones. The sedimentary sequence (Govanda Limestone and Red Beds) is all
tilted parallel to the underlying Tanjero and Aqra Formations, whereas the Naopurdan
metavolcanic rocks appear to be discordant with the underlying sedimentary sequence.
The Naopurdan rocks in this area can be divided into three parts: (a) the lower
metavolcanic part which is mainly formed of flow and layered basalts. They constitute
most of the sampled sequence. The layered lavas look very fresh and unaltered in the
field, except for being jointed and veined. The veins are mostly made of calcite,
although, in some places they are formed of zeolite and/or epidote.
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(b) The middle part is composed of pillow lavas, brecciated lavas and inter-pillow ash.
The pillow lavas show variable thicknesses, sometimes reaching up to 50 m, where the
average dimensions of each pillow is 1-2 m long with a radius of 0.5-0.9 m (Fig. 1.16).
The external surfaces of the pillow lavas are characterized by vesicular or amygdaloidal
structures where the ratio of vesicles decreases inwards. This part of the sequence
appears to have been greatly altered, thus, in some places; red clay was noticed taking
the shape of plagioclase. These rocks are also cross-cut by the same veins that affected
the flow lavas. The ratio of the pillow lavas to the layered lavas is very small compared
to the Walash metavolcanic rocks in the Choman area. The contact between the pillow
and the flow lavas is not exposed in the field. Several dykes are found on Qalander
Mountain. The sequence (pillow and flow lavas) is nearly 450 m thick.
(c) The upper part is composed of fine sandstone at the bottom grading upwards into
conglomerate, i.e., a coarsening upward sequence (Fig. 1.17). The rock and mineral
constituents of these strata appear to have been derived from the erosion and rapid
deposition of the igneous rocks, probably the Naopurdan and Walash metavolcanic
sequences (Aziz et al., 1993b) as they contain pebbles of basalt, serpentinite and marble.
No sedimentary structures were noticed in the field apart from reverse graded bedding
in the sedimentary sequence capping the Naopurdan metavolcanic rocks.
Sheikhan is located on the northwest of Qalander Mountain between longitudes 44 o 25/
28.273// – 44o 25/ 31.886// E and latitudes 36o 47/ 54.465// – 36o 48/ 2.401// N. The
contact between the Govanda Limestone and Naopurdan sequence (44o 25/ 30// E; 36 o
47/ 55// N) is clearly obvious in the field (Fig. 1.18). On the upper part of Sheikhan
mountain there is a conglomerate (or tectonic breccia layer). The field description of the
Sheikhan area is similar to that of the Qalander area.
1-3 Aims of the Study
This thesis presents the results of the study of the petrography, geochronology and
geochemistry of Tethyan arc related volcanic and subvolcanic rocks from Iraqi Zagros
Thrust Zone. The major aims of the study are to:
a) To investigate whether these nappes are related to each other in space and time.
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b) Since the Walash-Naopurdan group accompanies ophiolite complexes in the IZTZ
and extends into the Iran, it is crucial to study the genetic relationship between this
group and the ophiolite complexes, and hence, to decipher all the ambiguities and
correlate this group with similar groups in Iran, Oman and Turkey (especially as this
group does not appear near the Iraqi-Turkish boarder).
c) Develop a regional tectonic model that interprets the genesis of these groups along
with the ophiolite complexes in the region in relation to the opening and closure of
the New Tethys, the obduction of the ophiolite complexes, and determining the
collision time of the Arabian plate with the Iranian plate.
1-4 Previous Studies
Horn and Lees (1943) introduced the nappe zone concept for the Iraqi Zagros unit
which they subdivided into three structural sub-units, namely the Igneous Nappe, the
Metamorphic Nappe and the Radiolarian Zone. Lehner (1954) drew the first geological
map of the Mawat area and the northern part of the Chwarta area using a 1:100,000
scale. Bolton (1957) modified the Lehner (1954) map when he mapped the Qandil,
Bulfat and Mawat ranges (at a scale of 1:100,000). According to the mainly field studies
and other available data he concluded that the Zagros zone is composed of three major
structural units from top to bottom: the Qandil metamorphic series, the Walash volcanosedimentary sequence and the Naopurdan shaley series.
In 1958 Bolton concluded that the Mawat mass, with its igneous rocks, is allochthonous
and he indicated that the Mawat mass consisted of two thrust sheets forming a nappe.
The lower sheet consists of a sedimentary sequence of grey clastic rocks interbedded
with massive nummulitic limestone. These clastic rocks were correlated with the
Naopurdan series (Eocene-Oligocene). The upper sheet consists of a complex sequence
of regionally metamorphosed red shale and limestone, metamorphosed mafic volcanic
rocks and intrusive bodies. He correlated this sheet with the Walash volcanic series of
Eocene age. These nappes overlie a heterogeneous basement of sedimentary rocks
ranging in age from Middle Cretaceous to Pliocene.
Smirnov and Nelidov (1962) investigated the northeastern thrust zone for metallic
occurrences; their findings were not different to the finding of Bolton apart from their
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belief that the Mawat igneous complex was intruded in situ. Al-Hashimi and AlMehaidi (1975) studied Ni, Cu and Cr dispersion in the Mawat Ophiolite Complex, and
concluded that the differences in Cr and Ni content in the heavy fraction correspond to
the primary petrological difference between the described rock types. Cu showed low
primary contents in various different rock types but relatively high contents along
fractures and sheared zones associated with small felsic intrusions cutting both the
gabbroic and basaltic rocks.
Al-Etabi (1972) studied the petrography of mafic-ultramafic igneous rocks and
metamorphic rocks in part of the Mawat complex. The mafic rocks are represented by
gabbro, which is sub-divided to amphibolite gabbro, fine gabbro, pyroxene gabbro and
meta-gabbro. He also sub-divided the ultramafic rocks into dunite, peridotite and
pyroxenite. Akif et al. (1972) produced a preliminary report on the geology and
mineralization of the Sershiw ultramafic body and they divided the ultramafic rocks in
this area into dunite, chromite dunite, pyroxene peridotite, pyroxenite and hornblendite.
Jassim (1973) investigated the central sector of the Mawat Complex and recognized
numerous magmatic events. He paid special attention to petrographic descriptions and
textural modifications of the ultramafic and mafic rocks in the area. He concluded that
the gabbros show igneous layering related to crystal settling and that the modifications
in mineralogy occurred partly while the gabbros were in a semi-solid state and partly
during thrusting processes. Mashek and Etabi (1973) also studied the petrology of
igneous and metamorphic rocks in the Mawat Complex. They recorded that the
relationship between mafic and ultramafic rocks is not always distinct and concluded
that the pyroxenite is younger than gabbroic and ultramafic rocks. Al-Mehaidi (1975)
suggested that the Mawat Igneous Complex represents an ophiolitic sequence and
consists from bottom to top of ultramafic rocks, gabbro and diabases.
Al-Hassan (1975) studied the petrology of both the Mawat and Penjwin Igneous
Complexes, and found similarities in texture, mineralogy and chemistry of the igneous
masses and concluded that these complexes had a similar genesis and had suffered
similar post-magmatic histories. Jassim and Al-Hassan (1977) made a petrographic
comparison between the Mawat and Penjwin Igneous Complexes. They showed that the
two complexes are similar in most respects and suffered probably similar magmatic and
8

post-magmatic histories. They found that the gabbros and ultramafic rocks were
uralitised and serpentinised respectively, probably during semi-solid emplacement of
the bodies, and these processes were closely followed by marginal emplacement of
minor intrusions and dynamic metamorphism during transportation by thrusting of
allochthonous masses. They also showed that cryptic variations occur in the gabbro
away from the outer contact with the ultramafic rocks.
Buda and Al-Hashimi (1977) studied the petrology and geochemistry of the Mawat
Igneous Complex and showed that it consists of a succession of peridotite (lherzolite,
dunite), podiform and schliern type chromites, banded gabbro, pyroxene gabbro, metabasalt, spilite and keratophyre, with minor intrusions of felsic magma (albite granite).
They concluded that this association is typical of Alpine-type orogenic belts.
Pshdari (1983) studied contact metamorphism around Herro and distinguished eight
mineral assemblages, whereas Aswad and Pshdari (1984) studied the impure carbonate
xenoliths within gabbroic rocks and they concluded that the temperature of contact
metamorphism in the xenolith reached 850°C. Al-Hermzi (1985) found two new
minerals [qandilite (Mg, Fe2+)2 (Ti,Fe3+,Al)O4 and baghdadite (Ca3(Zr,Ti)Si2O9)] in
Qala-Diza.
Aswad and Ojha (1984) studied the petrology and geochemistry of coarse-grained
altered sub-volcanic hypabyassal rocks (spilitized diabase) in the southern Mawat
Ophiolite Complex between Waraze and Kanaro villages. Petrographically, they
distinguished that these rocks consist of coarse-grained albite, hornblende-actinolite
with the latter making up 40-50% of the total volume of the rocks which show
uralitization. From the distribution of immobile elements (Zr, Y, Cr and Ni) they
inferred the tectonic environment to be ocean-floor basaltic type.
Buday and Jassim (1987) classified the Chwarta-Mawat area within the WalashPinjween sub-zone. Also they gave some petrographic descriptions and geochemical
analyses of igneous rocks in Mawat Ophiolite Complex. Aswad and Elias (1988)
studied the petrogenesis, geochemistry and metamorphism of sub-volcanic rocks of the
Mawat Ophiolite Complex. By using K40-Ar40 isotopic analyses they indicated that the
age of metamorphism is Albian-Cenomanian. They also described the metamorphic
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conditions as low-pressure and medium temperature with a steep geothermal gradient of
140ºC/km.
Al-Saadi (1990) studied the volcanic rocks forming the thrust zone in the Shalair valley,
and the Mawat and Bulfat areas. Geochemically he concluded that the volcanic rocks at
Mawat are mostly mafic rocks subjected to alteration processes to green schist facies in
spite of preservation of some original textures and structures. The rocks contain high
concentrations of Cr, Co and a medium amount of V. He concluded that the rocks at
Mawat are characterized by their ophiolitic origin with tholeiitic affinity.
Aqrawi (1990) studied the ultramafic and gabbroic rocks in an area around Shakha Root
Mountain in the Mawat Ophiolite Complex. His study revealed that the ultramafic rocks
are composed from bottom to top of lherzolite, harzburgite and dunite. These rocks are
characterized by their tectonic fabric. From the geochemical study he suggested that the
tectonite represents a refractory residual of the upper mantle subjected to different
degrees of partial melting. The gabbroic rocks display textural features which result
from recrystallization, tectonic deformation, alteration and metamorphic processes, and
the source of primary magma of the gabbroic rocks is not related to the underlying
tectonite.
Zekaria (1992) studied the petrology and geochemistry of the southern Mawat Ophiolite
Complex and indicated that the peridotite tectonite is composed of lherzolite,
harzburgite and dunite from bottom to top. The mafic rocks are composed of banded
and massive gabbro, diabase and basalt, and their geochemical evidence illustrated that
the tectonite represents material of depleted upper mantle origin which was subjected to
different degrees of partial melting under mantle conditions. They suggested that these
rocks plot in the fields of ocean-floor basalt and low-tholeiites.
Al-Samman et al. (1996) studied the geochemical variation in volcanic rocks
(metabasalt) from the Waraz area of the Mawat Ophiolite Complex, and they concluded
that the chemical variation in metabasalt is due to two main processes: primary
magmatic processes and secondary alteration processes. They also indicated that
submarine weathering was limited, mainly within the volcanic rocks, and its effects
have been submerged by later low grade hydrous regional metamorphism. Based on
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immobile elements in the Waraz samples, they showed that the majority of the rocks are
mafic in composition, with minimal differentiation, and they are tholeiitic in character.
Aswad (1999) discussed the tectonic evolution of northeastern Iraq in terms of two
ophiolite complexes, namely Mawat and Penjwin. He concluded that the Mawat
Penjwin region is a product of arc-continent collision, and the tectonic perturbations
resulting from the intra-ocean convergence produced the IAT and CAB magma of the
Walash Group. His study revealed that the culminating oceanisation episode that
produced the Mawat-Penjwin Ophiolite was of Albian-Cenomanian age and
recommended that the time span of ocean crust formation was 97-118 Ma.
Aqrawi (2000) studied the serpentinite rocks from Mawat, Penjwin, Galala and Rayat
and their utilisation by the ceramic industry. His study indicated that these materials are
suitable for producing cordierite ceramics (i.e. electrical, ceramics and cordierite
refractories).
Numan (2000) studied the main tectonic events in Iraq and concluded that the major
geodynamic inversion took place in the Cretaceous in Iraq following the extensional
tectonism of Triassic and Jurassic age into compressional tectonism throughout the
Cretaceous and Tertiary.
Ali (2002) studied the geochemistry and tectonics of the Walash metavolcanics in HajOmran and Sidekan provinces, NE Iraq, and he concluded that the petrographic study
showed the disappearance of many original textural and mineralogical characteristics,
due to the superimposed conditions that prevailed during secondary processes (oceanfloor metamorphism and subsequent hydrothermal alteration). These new conditions led
to the appearance of secondary minerals that completely or partially replaced the
original ones in the volcanic rocks of both provinces. On applying tectono-magmatic
discrimination diagrams, it appears that the rocks of Haj-Omran are mainly mid-oceanic
ridge basalts (MORB), while the rocks in the Sidekan province represent island-arc
andesites and calc-alkaline basalts (CAB). Accordingly, he suggested the following
tectonic model: opening of the Neo-Tethys Ocean and formation of the Neo-Tethyan
oceanic crust separating the Iranian micro-continent from the Arabian continent during
the Triassic. This was followed by subduction of part of the Neo-Tethyan oceanic crust
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towards the east and northeast (probably during the Early Cretaceous) and development
of island-arc tholeiites (basalt and andesite) represented by rocks in the Sidekan
province. The continued subduction of the Tethyan oceanic plate led to the development
of an embryonic marginal basin, through which rocks of MORB character were formed,
represented by rocks in the Haj-Omran province (this could have been during Middle or
Late Cretaceous). The embryonic marginal basin was soon aborted due to the initiation
of collision between the Iranian and Arabian continents that was accompanied by
thrusting of ophiolite complexes on top of Sidekan and Haj-Omran rocks. However, all
these piles were obducted onto the Arabian passive margin during the Paleogene.
Muhammed (2004) studied the petrology and geochemistry of the Penjwin and Mawat
serpentinite rocks and he concluded that the Mawat serpentinite rocks represent an
isolated fore-arc body formed by hydration of mantle-wedge rocks along the subduction
zone at a depth of 15-30 km. They were sepentinised by water derived from the downgoing oceanic crust through a series of dehydration reactions and were emplaced into
the Walash volcanic series diapirically.
Jassim and Goff (2006) considered the Mawat Ophiolite Complex to be more complete
than the Penjwin complex but neither contains a complete ophiolite sequence. They
described the Mawat Ophiolite Complex as consisting of about 600-1000 m of basalt
(Mawat Group) intruded by a plutonic complex of ultramafic, pyroxenite, layered and
coarse gabbro, diorite, dolorite dykes and late stage plagiogranite differentiates, overlain
by a roof unit of 600 m of interbedded marble and basalt (Gimo Group).
Koyi (2006) studied the petrochemistry, petrogenesis and isotope dating of the Walash
volcanic rocks in the Mawat-Chwarta area (Waraz, Kanaro) and indicated that the
Walash volcanic rocks were converted to lower amphibolite facies during ocean-floor
metamorphism. He also revealed that the majority of these rocks are mafic in
composition with differentiation to andesite with sub-alkaline (tholeiite and calcalkaline) affinities. He related these rocks to island-arc tholeiite and calc-alkaline basalt
that are of Middle to Late Eocene age.
Farjo (2006) studied the geochemistry and petrogenesis of the volcanic rocks of the
Mawat Ophiolite Complex. From the geochemical evidence he indicated that the Mawat
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Ophiolite was formed in the early stages of an intra-oceanic young supra-subduction
zone at the palaeo-ridge axis. He also indicated that these volcanic rocks originated
from the same mantle source dominated by harzburgite and dunite. He considered the
Gimo sequence as a part of the ophiolite and not a cover over the ophiolite.
Mirza and Ismail (2007) studied the minor felsic intrusions in the area between Amaden
and Mirawa (shear zone) of Mawat Ophiolite Complex and they concluded that these
minor felsic intrusions were trondhjemite in composition and their origin is related to
partial melting of hydrated basaltic or gabbroic rocks.
Ismail et al (2009) studied the chromitite and peridotite from the Rayat area in the
northeast corner of Iraq. They considered the rocks to be fragments of an ophiolite
mélange common to the mantle section of the Tethyan ophiolites, such as the Oman
ophiolite. They also found the peridotite and chromitite to have petrological
characteristics very common to the Moho transition zone to upper mantle of the Tethyan
ophiolites.
Aswad et al (2011) studied the composition of Cr-spinel in serpentinite masses in two
allochthonous thrust sheets within Iraqi Zagros Thrust Zone. They concluded that the
presence of two groups of distally separated serpentinites, with different emplacement
ages and fore-arc tectonic affinity, could indicate that the closure of the Tethys Ocean
proceeded via the consumption of oceanic crust at two subduction zones.
1-5 Thesis Organization
Chapter 1 Introduction: In this chapter the reader is provided with a general overview of
the research project, including a geological description of the geographical area of
interest. The aims of this study are also explained in this chapter.
Chapter 2:
Part A: Previous research – provides a summary of the reviewed literature
concerning petrology, geochemistry, tectonics and mapping of the Iraqi Zagros
Nappe Zone.
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Part B: The geological setting of the Iraqi Zagros zone – the history of the
Arabian plate is outlined with emphasis on the Iraqi Zagros zone.
Tectonostratigraphy of the Iraq-Iran Zagros suture is discussed in some detail.
Chapter 3 Geochronology of volcanic rocks of Iraq. Radiometric dating using the Ar-Ar
method is carried out to date the events that affected genesis of the area.
Chapter 4 Petrography and mineral chemistry of volcanic and subvolcanic rocks of Iraq:
This chapter provides petrographic descriptions of thin sections. Some of the
topics addressed here include textures, mineralogy and mineral assemblages in the
volcanic and subvolcanic rocks. This chapter also provides data from the
microprobe analyses of selected minerals in each unit.
Chapter 5 Total rock geochemistry: This chapter describes and discusses the
geochemistry of all related rocks. This involves major, trace element and rare
earth element analyses in order to determine possible genetic and tectonic
relations.
Chapter 6 Petrogenesis and tectonic setting of Iraqi Zagros volcanic rocks: This chapter
focuses on petrogenesis and the development of a regional tectonic model.
Chapter 7 Discussion and Conclusions: This chapter provides a wrap-up of the project,
and includes a summary of what has been achieved by this project.
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Figure 1.1 Location of study areas within Zagros Suture zone.
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Figure 1.2 Tectonic subdivision of Iraq (after Numan, 2001), showing the location of the study areas. See
Figure 1.3 for NW part and Figure 2.4 for SE part of the the study areas.
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Figure 1.3 Geological map of northeastern Iraq shows the location of the Hasanbag complex, Walash
(Galalah-Choman) and Naopurdan (Qalander and Sheikhan) (Modifed from Buday, 1975).
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Figure 1.4 Shows a diorite dyke (M14) with chilled margins intruding the upper part of the gabbroic body
of Walash rocks in the Mawat area, see Figure 1.2 for location area.

Figure 1.5 Layered and pillow lavas of Walash rocks alternating with volcaniclastic rocks consisting of
mafic and ultramafic fragments in the Galalah province.
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Figure 1.6 Melange area shows a heterogeneous mixture of calcite ,chlorite and serpentinite within the
Walash samples in the Galalah province.

Figure 1.7 Thin layer of radiolarian chert in the Galalah area.
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Figure 1.8 Most of Choman Walash samples consist of pillow lavas with varible sizes.

Figure 1.9 Inter- pillow areas are filled with ash while pyroclastic deposits envelop the pillow lavas in the
Choman area.
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Figure 1.10 The Choman Walash samples were collected from outcrops along the main road between
Choman and Darband.

Figure 1.11 The metasediment is sheared and highly weathered in the Leren-Hasanbag area.
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Figure 1.12 The metasediment in the Leren-Hasanbag area consists of highly fossiliferous black shale
alternating with lenses of sandstone.

Figure 1.13 The Walash volcanic rocks are overlain by radiolarian chert in the Leren-Hasanbag area.
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Figure 1.14 Veins and faults in the Leren-Hasanbag area.

Figure 1.15 Many dykes cut the Hasanbag mafic volcanic sequence.
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Figure1.16 The middle part of Naopurdan rocks is mostly composed of pillow lavas in the Qalander area.

Figure 1.17 The upper part of Naopurdan rocks in the Qalander area shows upward coarsening.
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Figure 1.18 The contact between the Govanda Limestone and Naopurdan rocks in the upper part of
Sheikhan mountain close to Sheikhan vallage.
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Chapter Two
Part A
Morpho-tectonic units of the Zagros Orogenic Belt, NE Iraq: a modern analogue for
subduction accretion processes

2.1 Introduction
The Zagros Mountain Belt extends over more than 1800 km through Iraq and southern Iran
and forms the boundary between the Iranian Plateau and the Mesopotamian and Gulf basins (Fig.
2.1). It can be subdivided geomorphologically into: the High Zagros Belt and the Zagros Simply
Folded Belt separated by the High Zagros Fault (Berberian and King, 1981; Falcon, 1974;
Stockline, 1968). From a tectonic point of view, however, five zones along the length of the
Zagros Orogenic Belt can be distinguished (e.g. Stocklin, 1974, 1986; Falcon, 1974; Sten, 1985;
Berberian, 1995):- the Zagros Imbricate Zone, the Simply Folded Zone, the Zagros Foredeep, the
Mesopotamian Foreland Basin and the Arabian foreland. However, the most common subdivision
of the Zagros Orogenic Belt is the five structural zones parallel to NW-SE trend through the belt;
from the NE to the SW they are: the Urumieh-Dokhtar Magmatic Arc, the Sanandaj-Sirjan
Metamorphic Zone, the High Zagros Zone (Imbricate or Crush zone), the Zagros Simply Folded
Belt and the Mesopotamian Foreland Basin (Fig. 2.2). The High Zagros Zone is referred to by
Jassim and Goff (2006) as the Penjween-Walash Sub-zone. Towards the SW the Main Zagros
Thrust separates the Sanandaj-Sirjan and Imbricate Zones (Berberian, 1995; Agard et al., 2005)
and constitutes the suture between the Arabian and Iranian plates. The Imbricate Zone represents
the innermost part of the Arabian deformed margin, featuring radiolaritic accretionary terrane and
the Upper and Lower Allochthonous Thrust Sheets over the NE Arabian margin.

The aim of this part of chapter is to describe the characteristic morphological features of the
Penjween-Walash Sub-zone and to discuss the tectonic implications of this sub-zone.
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2.2 Geological Setting
The Penjween-Walash Sub-zone is part of the Iraqi Zagros Suture Zone (IZSZ), the “Main
Zagros Thrust”, and is located in northern and northeastern Iraq (Fig. 2.3). This sub-zone is
characterized by two allochthonous thrust sheets (Aswad, 1999; Aziz, 2008):- the Upper and
Lower Allochthonous thrust sheets. In the studied area, the Lower Allochthonous thrust sheet is
composed of the Walash volcano-sedimentary rocks intertwined with the Naopurdan sedimentary
group forming the Walash-Naopurdan nappe (Fig. 2.3). The Upper Alochthonous thrust sheet
encompasses mainly ophiolitic massifs of Albian-Cenomanian (97-105 Ma) age and the GemoQandil sequence (Aswad and Elaise, 1988). The Mawat ophiolite massif, for example, has almost
all the characteristic members of an ophiolite suite with highly sheared basal serpentinites
juxtaposed onto the lower allochthonous thrust sheet (Figs 2.4, 2.5, 2.6 and 2.7).

The Walash Group in the Walash-Naopurdan nappe comprises, from the base, the following
subgroups (see Jassim and Goff, 2006): Basal Red Beds, Lower Volcanics consisting of mafic,
less common felsic, lavas and frequently pillow lavas laterally adjacent to the sedimentary
sequence (i.e. volcano-flysch unit), Middle Red Beds ( + limestones), Upper Volcanics and finally
the Upper Red Beds. The latter consists of red mudstone and conglomerate near the base and
brownish red siltstone and greywacke higher up (Fig. 2.8).

2.3 Tectonic Implications
The Late Cretaceous was characterised by an accretionary complex terrane (the Qulqula
radiolarite and serpentinite-matrix mélange) that adhered to the Arabian continental margin (i.e.
the Albian-Cenomenian autochthonous platform carbonates at Balambo) developing a foreland
basin assemblage on its inboard side (Aziz, 2008). Thus the Arabian Platform phase was
terminated and Mesopotamian Foreland Basin phase was established. The configuration of
sedimentary facies in the Late Cretaceous-Paleogene foreland basin was probably triggered by
plate convergence, which was incipient in the early Campanian (first episode) and continued
through Paleogene time (second episode). During this period the volcano-flysch Walash deposits
and the Naopurdan Nummulite carbonate deposits were still accumulating on the remaining
oceanic lithosphere (Aswad, 1999) farther to the northeast and were, in part, coeval with molasse
sedimentation in the foreland basin farther to the southwest of the accretionary complex terrane
(Qulqula rise). The Upper Allochthonous Thrust Sheet, however, was juxtaposed onto the Lower
Allochthonous Thrust Sheet in the late Paleogene. The
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Ar-39Ar geochronological data suggest

that the middle Paleogene magmatic history of an early phase of the Walash Upper Volcanics (i.e.
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andesitic volcanism ) occurred around 43.1±0.3 Ma and a subsequent extensional-arc phase of
magmatism took place between 40.1±0.3and 32.3±0.4 Ma (Al-Saman and Aswad, personal
communication, 2010).

Recent microfacies and age determinations of the sedimentary units in the Upper Volcanics
suggest a deepening-upward depositional environment. The deepening-upward was largely
manifest through continued convergence of the arc during Lutetian age (42.5-48; Al-Bana and AlMutawali, 2008). In view of that, both the Qulqula Radiolarite and serpentinite-matrix mélange
form a Late Mesozoic accretionary complex terrane related to the eastward intra-oceanic
subduction of the Neotethys. Based on the accretionary prism formation model (Fig. 2.9), it may
be suggested that the Walash arc-volcanicity was synchronous with early molasse sedimentation
in the proto-foreland basin.

2.4 The Timing Controversy of the Collision
The timing of the collision is poorly constrained, and estimates range from Late Cretaceous to
Late Miocene. By progressively removing the Miocene supra-tectonic events (i.e. folding, gravity
sliding and wrench displacement), the distally separated Mawat and Penjwin nappes might jointly
represent a postulated slab of ancient allochthonous oceanic lithosphere (Aswad, 1999). The
obliquity of convergent motion between the Arabian and Eurasian plates finally evolved into
strike-slip motion along the collision boundary. Therefore, the Mawat and Penjwin nappes are
potentially useful markers for measuring offset on the Main Recent Fault, which is ~40 km .The
dextral strike-slip offset, which is obtained from other geomorphological features, is ~50 km on
the Main Recent Fault (Talebian and Jackson, 2002). Nonetheless, the preserved offsets in the
geology of the studied area are not grossly in conflict with the proposed offsets of ~50 km. This
offset, which can be achieved in 5±2 Ma at present rates, implies a reorganization of deformation
in the collision zone at that time, after the initial collision at ~12 Ma. The new geochronological
evidence from the Walash Upper Volcanics stated above may specify that a further investigation
dealing with Walash volcanics is more appealing as an explanation for the Arabia-Eurasia
collisions.

2.5 Continental Undertow versus Slab Pull driving mechanism: Baghdad and Basra tracks
Based on Torsvik et al. (2008), Alvarez (2010) calculated the tracks of the Iraqi Zagros foreland
sites (Baghdad, Basra) by rotating the SAFR (southern Africa) relative to EUR (Eurasia), then
Arabia relative to SAFR. He concluded that the Arabia-Eurasia convergence (Basra track) was not
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halted or slowed by collision. Convergence velocities have been calculated along portions of the
tracks where the down-going continent is approaching the collisional suture on a roughly linear
track oriented approximately perpendicular to the Zagros suture between 80 Ma and 0 Ma (Fig.
2.10).

The evidence stated above contradicts the slab-pull driving mechanism of plate tectonics. The
debate over the stated driving mechanism has continued since the early 1970s, with increasing
sophistication but still no general solution. There has long been a preference for top-down,
density-driven slab-pull as the dominant driver of plate tectonics. Sometimes this is simply stated
as a fact, applicable to plate tectonics in general. For example, “subduction provides the main
driving force for the motion of tectonic plates at the Earth's surface through slab-pull and sinkinginduced flow in the surrounding mantle” (Billen and Andrews, 2007). However, although slabpull is an attractive driving mechanism for the motion of subducting oceanic plates, it is less
appealing as an explanation for the protracted Arabia-Eurasia continent-continent collision (e.g.
convergence velocity was not halted or slowed by collision). This seems to require a different
mechanism. The protracted continental collisions are better explained by horizontal traction of the
mantle on the base of deep continental roots, dragging the continents together along a Tethyan
axis of mantle convergence. The “continental undertow hypothesis” thus might resolve the
collision anomaly (i.e. non-stopped convergence) in plate tectonics.

Part B
Tectono-stratigraphy and structure of the northwestern Zagros collision zone across the
Iraq-Iran border
2.6 Introduction
The Zagros Suture Zone passes along the border of northeast Iraq and southwest Iran. Tectonic
units in the Zagros Orogen have been exposed in both countries in several thrust sheets and
nappes. Parts of these tectonic units have been described by a number of researches in both Iran
(e.g. Stocklin, 1968; Berberian and King, 1981; Alavi, 1994) and Iraq (Aswad, 1999; Jassim and
Goff, 2006, Ali et al., 2010). The structural relationships between these tectonic units have not
previously been combined to produce a unified tectonic map and interpretation for the whole
Zagros Suture Zone. Recent field mapping and sampling in both countries has produced new
structural, geochemical and radiometric age data (e.g. Moinevaziri et al., 2009; Mohajjel and
29

Biralvand, 2010; Aziz et al., 2011; Azizi et al., 2011; Mohajjel and Rsouli, in submission; Ali,
unpublished data). These new observations enable us to correlate the tectonic units along a poorly
known part of the Zagros Suture Zone.

In this study we present a simplified compilation of the regional geology based on a compilation
of 1:1,000,000 scale geological maps of both Iraq and Iran along the northeastern part of the
border. This is the first effort to correlate the tectonic units in this area. Detailed geological
information has been compiled for the first time across the Iraq-Iran border by using the published
larger scale geological maps from both regions to make correlations between tectonic units across
the border. The tectono-stratigraphic map presented here will serve as an important building block
for further studies of this major collision zone. Tectonic terranes of the Zagros Suture Zone are
identified and named according to the methodology outlined by Coney et al. (1980). Structural
cross-sections are presented to demonstrate the thrust sheet relationships and ages of convergent
tectonic events due to collision along the northeast Iraq and northwest Iran border.

2.7 Zagros orogen
The Zagros Mountains in northeastern Iraq and southwestern Iran are located in the AlpineHimalayan mountain range that extends in a NW-SE orientation (Fig. 2.11a). The Zagros Orogen
consists of several parallel main tectonic zones. 1) The Urumieh-Dokhtar magmatic arc (UDMA),
2) The Sanandaj-Sirjan zone (SSZ), 3) The Imbricate Zone or Crush Zone, 4) Zagros fold and
thrust belt (ZFB), and 5) the Mesopotamian-Persian gulf foreland basin (Fig. 2.11b; Berberian and
King, 1981; Alavi, 1994; Jassim and Goff, 2006).

The Urumieh-Dokhtar magmatic arc contains intrusive and extrusive rocks of Eocene-Quaternary
age that form a zone approximately 50 km wide and up to 4 km thick (Berberian and Berberian,
1981). The southeastern part of the Urumieh-Dokhtar magmatic arc is still active and is associated
with ongoing subduction of Indian Ocean crust (McCall, 2002). Calc-alkaline magmatic activity
from Eocene to present occurred in this arc, and it has been suggested as an Andean-type arc in
the Zagros (e.g., Berberian and Berberian, 1981). Despite a lack of Jurassic, Cretaceous and
Paleocene volcanic rocks in the Urumieh-Dokhtar magmatic arc, Alavi (1994) described it as a
magmatic assemblage initiated in the Late Jurassic. Major and trace element data from volcanic
rocks in the Urumieh-Dokhtar magmatic arc post-dating the Late Miocene reveal a typical adakite
in the central part of the Urumieh-Dokhtar magmatic arc (Omrani et al., 2008). Azizi and
Moeinvaziri (2009) divided the Urumieh-Dokhtar magmatic arc into the southern and northern
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branches of the belt. The northern branch is dominated by basic to intermediate volcanic rocks
with a calc-alkaline to alkaline affinity.

The Sanandaj-Sirjan zone contains weakly to intensely deformed and metamorphosed rocks in the
hinterland of the Zagros Mountains. It is separated from the Zagros fold and thrust belt by the
Main Zagros Thrust in the southwest, and is bordered by the Urumieh-Dokhtar magmatic arc in
the northeast (Fig. 2,11b). It has a length of 1500 km, is 150-250 km wide from southeastern Iran
to northwestern Iraq and joins the Taurus belt in Turkey. The rocks in the Sanandaj-Sirjan zone
are mostly of Mesozoic age with Palaeozoic rocks rarely exposed except in the southeast where
they are common (Berberian and King, 1981). The Sanandaj-Sirjan zone is characterised by
metamorphic and complexly deformed rocks associated with abundant deformed and undeformed
Mesozoic plutons, in addition to widespread Mesozoic volcanic rocks (Mohajjel et al., 2003). The
northern Sanandaj-Sirjan zone is dominated by Triassic-Jurassic rocks but in places Cretaceous
turbidites, deposited in deep submarine fans, are preserved and intruded by plutonic activity
(Berberian and King, 1981). Greenschist facies metamorphism was accompanied by the intrusion
of felsic granitoid plutons, including the Borojerd and Alvand plutons (Masoudi, 2002; Ahmadi
Khalaji et al., 2007). Late Cretaceous and/or younger pyroclastic-volcaniclastic rocks were also
found in the northern Sanandaj-Sirjan zone (Alavi, 1994). Late Jurassic-Early Cretaceous events
in the Sanandaj-Sirjan zone were followed by the deposition of continental clastic rocks (Stocklin,
1968; Berberian and King, 1981), overlain by Early to Middle Cretaceous carbonate rocks.
During the Late Oligocene-Early Miocene the marine carbonates of the Qom Formation
accumulated along the northwestern Sanandaj-Sirjan zone.

The Sanandaj-Sirjan zone is divided into an outer belt of imbricate thrust slices that includes the
Zagros suture, and an inner belt of Palaeozoic-Mesozoic metamorphic rocks (Mohajjel et al.,
2003). Regional deformation of the Sanandaj-Sirjan zone in the Late Jurassic produced pervasive
southwest-verging, northwesterly trending fold structures and accompanying greenschist facies
metamorphism (Mohajjel and Fergusson, 2000; Mohajjel et al., 2006). This convergent
deformation is related to crustal thickening along the active margin of the northeastern SanandajSirjan zone. The complexities in adjoining low grade metamorphic rocks and deformed silicic
igneous rocks in the Dorud-Azna region indicate that this deformation was produced in an episode
of dextral transpression with low obliquity (Mohajjel and Fergusson, 2000).
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The Zagros fold and thrust belt is contained between the Main Zagros Thrust to the northeast and
the Mountain Front Fault to the southwest with some extension of folding beyond this (Fig.
2.11b). This belt contains huge, elongated anticlines, penetrated by salt plugs from the Hormoz
Salt in the Zagros Mountains. The salt diapirs formed via solution processes associated with
compression of buried evaporitic deposits, especially in the Hormuz Formation, or from localized
deformation associated with strike-slip faulting in basement rocks. The development of anticlines
in the competent cover-rock, combined with minor strike-slip faults and horizontal displacements
of parts of folded structures, strongly point to the presence of these basement faults (Bahroudi and
Talbot, 2003; Farhoudi et al., 2004). Cooling and exhumation of thrust sheets and salt plugs in the
High Zagros continued in Middle to Late Miocene time (Gavillot et al., 2010). The EoceneOligocene Asmari Limestone and Mesozoic formations dominate the topography. Structures
change from NW-SE trending in northwest to E-W trending in central and ENE-WSW trend in
the southeastern parts of the fold belt. The Phanerozoic sedimentary column in the belt is
estimated to be up to 12 km thick (James and Wynd, 1965). The belt was faulted and folded
during the Miocene-Pliocene continent-continent collision. The Cambrian-Miocene strata were
folded, while different detachment surfaces affected the folding (Berberian, 1995; Sherkati et al.,
2005; Molinaro et al., 2005; Nissen and Tatar et al., 2011).

The Cretaceous Mesopotamian proto-foreland basin contains the erosional products from the
accretionary complex terranes. These sediments were deposited as turbidites which form the
Tanjero Formation in Iraq. This is equivalent in age to the Amiran Formation in Iran, and they are
considered to represent typical peripheral foreland deposits. The Tanjero Formation was deposited
where deeper water marine conditions were present. The emplacement of the ophiolitic
serpentinite mélange was probably synchronous with late turbidite sedimentation (Maastrichtian)
in the Tanjero Formation in which serpentinite-rich terrigenous sediments were mainly derived
from mélange serpentinites (Aziz et al., 2011). The Paleocene-Miocene successions in the
Tertiary Red Beds record the filling of a complex non-marine flexural foreland basin. Through the
Paleogene, however, the flexurally deformed proto-foreland basin changes in stratal architecture
with molasse deposits replacing the turbidite sedimentation of the Tanjero Formation. These
changes were accompanied by a set of unconformities separating different units in the Tertiary
Red Beds, which may be explained by the migration of a flexural basin proportional to the
convergence rate. The terrigenous sediment accommodation was solely proportional to flexural
subsidence driven by the topographic load of the accretionary complex terrane and advancing
nappes. Field relationships confirm that Tanjero and Tertiary Red Beds assemblages have
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documented a transition from early deep-marine foreland sedimentation (turbidites) to later
coarse-grained, non-marine and shallow-marine flexural foreland sedimentation (‘molasse’). The
volcanoclastic deposits in the Walash succession and the Nummulites-bearing carbonates of the
Naopurdan sequence were still accumulating on the remaining oceanic lithosphere farther to the
northeast and were, in part, coeval with the molasse sedimentation on the foreland basin farther to
the southwest.

2.8 Tectonic units of the Zagros Orogen in northeastern Iraq and southwestern Iran
Several terranes of the Zagros Orogen were accreted to the Arabian plate during closure of the
Neotethys. They include the Late Jurassic to Early Cretaceous metamorphic and igneous rocks of
the hinterland (Sanandaj-Sirjan zone), Late Triassic to Middle/Late Cretaceous Bisotun-Avroman
carbonates, Jurassic-Cretaceous deep ocean radiolarites of the Qulqula-Kermanshah terrane, Late
Cretaceous ophiolitic serpentinite matrix melange, Eocene-Oligocene Walash-NaopurdanKamyaran island-arc to back-arc complexes and ophiolite-bearing nappes. The synorogenic
Eocene-Miocene Red Bed series were deposited in the adjacent foreland basin (Fig. 2.12).

2.8.1 Sanandaj-Sirjan Zone
Mesozoic metamorphic rocks in the Sanandaj-Sirjan zone come from the Iranian hinterland and
occur in several thrust sheets to the northeast of the Zagros suture and in the youngest nappes in
the Mawat foreland area where they form the Gimo and Qandil Groups. The Shalair zone in
northeastern Panjween mainly comprises thrust sheets consisting of Cretaceous metapelite and
carbonates. These thrust sheets contain imbricate slices of Triassic carbonate (Jassim and Goff,
2006). To the southeast in the Marivan area the Cretaceous rocks are described as low grade
metamorphic rocks, including phyllite (Fig. 2.13a), with minor meta-limestone, and they are
turbiditic in places (Nogole Sadat and Houshmandzadeh, 1993). Cretaceous andesitic volcanic
rocks occur with this succession. The same rocks exist in several thrust sheets in the BanehSardasht-Piranshahr area (Eftekharnedjad, 1984). Mesozoic metamorphic rocks in the SanandajSirjan zone are underlain by Precambrian and Palaeozoic rocks that were thrust into the
northeastern part of the Sanandaj-Sirjan zone (Eftekharnedjad, 1984).

2.8.2 Mesozoic-Cenozoic continental magmatic arc
A Mesozoic-Cenozoic continental magmatic arc (Berberian and King, 1981; Mohajjel et al., 2003;
Azizi and Moinevaziri, 2009) is located on the southwestern side of the Sanandaj-Sirjan zone.
During most of the second half of the Mesozoic, the Sanandaj-Sirjan zone represented an active
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Andean-like margin whose calc-alkaline magmatic activity progressively shifted northward
(Berberian and King, 1981; Mohajjel et al., 2003). The Mesozoic magmatic arc on the
southwestern side of the Sanandaj-Sirjan zone is situated on the northeastern side of the Zagros
Suture Zone (Fig. 2.12) and has been produced by subduction of the Neotethys Ocean since Late
Jurassic (Berberian et al., 1982; Alavi, 1994). Eocene granitoids intrude Cretaceous sediments of
the Sanandaj-Sirjan zone (cross-section BB in Fig. 2.16) in the west Baneh area (Nogole Sadat
and Houshmandzadeh, 1993) and southeast of Piranshahr (Mazhari et al., 2009) indicating that
subduction-related magmatism associated with the Iranian continental arc continued into the
Cenozoic before the final continent-continent collision in the Miocene. The magmatic arc plutons
are accompanied by Late Jurassic to Early Cretaceous volcanic and shallow marine successions
(Mohajjel et al., 2003). The volcanic rocks are unconformably overlain by a Cretaceous (AlbianAptian-Cenomanian) terrestrial succession (Braud, 1987; Shahidi and Nazari, 1997). In
southwestern Golpayegan an angular unconformity has been recognized between Jurassic
andesitic volcanic rocks and an overlying Early Cretaceous succession (Mohajjel et al., 2003).
Geochemical characteristics of the andesites presented by Azizi and Moeinevaziri (2009) indicate
that they are calc-alkaline volcanics typical of continental arcs. The age of this volcanic arc
became younger to the northwest where a belt of Cretaceous volcanic rocks occurs northeast of
Sanandaj city. It is 5-15 km wide and 80-120 km long, striking NW-SE parallel to the Zagros
Suture (Fig. 2.12). Cretaceous sequences in the Sanandaj region are locally different to those in
other parts of the Sanandaj-Sirjan zone. They consist of a thick (2000-3000 m) sequence of
sediments consisting of shallow-marine detrital sediment overlain by marine sediments interbedded with volcanic rocks. This sequence is repeated over at least three cycles. The high rate of
subsidence in the Sanandaj region led to a short interval during which pelagic sediments were
deposited in the basin (Zahedi et al., 1985). The belt appears to be the northern extent of the
marginal sub-zone of the Sanandaj-Sirjan zone proposed by Mohajjel et al. (2003), which is
characterized by Late Jurassic-Early Cretaceous volcanic rocks and shallow-marine sediments.
These volcanic rocks on the southwestern side of the Sanandaj-Sirjan zone were interpreted to
represent successions that were tectonically dislocated and transported by thrusts from the
Urumieh-Dokhtar magmatic arc (Alavi, 1994). However, the age of this magmatic activity is
different from the Urumieh-Dokhtar magmatic arc (Mohajjel et al., 2003). These volcanic rocks
are interbedded with detrital sediments such as shale, sandstone and sandy limestone (Braud,
1987). Abundant subduction related granitoids were intruded into the Sanandaj-Sirjan zone
ranging in age from Late Jurassic (Ahmadi Khalaji et al., 2007; Shahbazi et al., 2011) to
Cretaceous (Masoudi et al., 2002; Ghalamghash et al., 2009). Mazhari et al. (2009) reported
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undeformed Eocene (~41 Ma) alkaline, bimodal, A2-type gabbros and granitoids from the
Piranshahr massif in the Sanadaj-Sirjan zone, western Iran and interpreted them to have formed in
an extensional, post-orogenic setting and, therefore, post-dating the final continent-continent
collision by up to 10 Ma. Allen (2009) made the point that A-type magmas do not necessarily
exclude subduction settings and that some form of back-arc extension could account for the
alkaline Piranshahr massif. The existence of the Neotethys after the Eocene is confirmed by recent
dating of calc-alkaline, island-arc intrusive rocks (Dargahi, 2007; Dargahi et al., 2010) indicating
that the final collision could not have occurred before the Miocene (Jackson et al., 1995; Mohajjel
et al., 2003). It is important to emphasise that the Eocene island-arc volcanic and intrusive
equivalents of the Walash-Naopurdan-Kamyaran terrane are not in any way related to the
Jurassic-Cretaceous continental arc rocks that developed within the Sanandaj-Sirjan zone.

2.8.3 Bisotun-Avroman carbonates
The Bisotun-Avroman carbonates extend sub-parallel to the northeastern side of the QulqulaKermanshah radiolarites (Figs 2.12 and 2.13b). These thick limestones are folded and affected by
imbricate thrust faulting and range in age from Late Triassic to Middle/Late Cretaceous
(Cenomanian). The Bisotun-Avroman carbonates were also referred to as the “inner carbonate
platform” by Kazmin et al. (1986). Differences to the Zagros fold belt deposits in terms of facies
and thickness suggest that the Bisotun-Avroman limestone was deposited in a distinct
palaeogeographic domain, separate from the Arabian platform and the radiolarites (Braud, 1987;
Mohajjel et al., 2003). Wrobel-Daveau et al. (2010) gave structural evidence for mantle
exhumation along the suture zone in the Harsin area in Iran and suggested an Early Jurassic age
for detachment faulting operating during the separation of the Bisotun from the Arabian plate.

2.8.4 Qulqula-Kermanshah terrane
Radiolarites are exposed in two separate domains in southeastern (Kermanshah) and northwestern
(north of Hasanbag Mountain) parts of the Iraq-Iran border, with a small outcrop in the Qulqula
area in the central part. The main exposure of the radiolarites occurs from east of Mawat and
extends 450 km to the southeast terminating in the Kermanshah area inside Iran (Fig. 2.12). The
radiolarites range in age from Triassic to Cretaceous and form a 10-40 km wide exposure in the
Kermanshah area (Braud, 1987). The Kermanshah radiolarites were recently dated using
radiolarian biostratigraphy producing an age range from the Early Pliensbachian until the
Turonian (Gharib and De Wever, 2010). The age of radiolarite sequences in northeastern Iraq is
controversial and has not yet been precisely determined and the cherts are structurally repeated by
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isoclinal folding and thrust faulting (Budy, 1980), which is typical of ocean floor cherts being
accreted into a sediment-starved trench.

Abundant ribbon-bedded radiolarian cherts of different colour, interbedded with thick to mediumbedded limestone and shale, are exposed in the Kermanshah area. Chevron folds were produced in
well-bedded thin layers of radiolarian cherts (Fig. 2.14c). Volcanic rocks are not included in the
radiolarites in the Kermanshah area. Olistoliths from the Zagros continental carbonates are found
along the southwestern margin of the radiolarites (Braud 1987; Mohajjel, 1997). The geometry
and style of folding indicates southwest vergence. Folded radiolarites were cut by thrust faults and
displaced several times in different areas (Mohajjel and Biralvand, 2010). Radiolarite fragments
exist in the Amiran (Tanjero) turbidites of Paleocene age in the Zagros foreland. This indicates
Late Cretaceous (Braud, 1987) or Paleocene (Homke et al., 2009) thrusting of the radiolarites in
this area. The Amiran foreland basin is restricted to the Lurestan Province and it is composed
mostly of ophiolitic detritus. It records erosion of the upper ophiolite tectonic slices of the
Kermanshah complex. The Amiran Basin was filled by fluvial-deltaic input directly sourced from
oceanic thrust sheets of the Kermanshah complex that emerged above sea level during
emplacement. Initial displacement of the oceanic tectonic slices took place in the northwest
Zagros Mountains at about the Cenomanian-Turonian boundary (ca. 93 Ma). Continuous
displacement of these tectonic slivers led to the latest thrust emplacement on top of early
Maastrichtian sediments after 70 Ma, implying a protracted period of thrust emplacement longer
than 20 m.y. (Homke et al., 2009).

Radiolarites in Qulqula gorge are unconformably overlain by Tertiary clastics of MaastrichtianPliocene age and thrust over the Zagros platform carbonates containing Tithonian-Cenomanian
sediments of deep marine facies, including radiolarian chert, mudstone and limestone with basic
volcanic rocks and conglomerate in the upper parts. The whole sequence is strongly isoclinally
folded and cut by reverse faults. Following folding and emplacement of the Qulqula radiolarites
and serpentinite mélange they were shed as flysch deposits into Tanjero Formation (CampanianMaastrichtian age). Therefore, their exhumation may be synchronous with such flysch
sedimentation. Radiolarites to the northwest at the triple junction of Iran, Iraq and Turkey are
associated with volcanic and ultramafic rocks (Jassim and Goff, 2006). Radiolarites are also
exposed in the Azna (Mohajjel et al., 2003) and Neyriz areas (Ricou et al., 1977) in the southeast
of the Zagros Suture Zone. The radiolarite sequences, were deposited in an extensive ocean basin
(para-autochthonous basin) that extended from the Hawasina series (Oman) in the south, and
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continued northward into the succession at Pichakun in the Neyriz area (SE Iran), Kermanshah
(western Iran) and Qulqula (NE Iraq) ending with the Kocali series (Turkey). The radiolarites
bordered the Arabian platform foredeep carbonates (e.g. Balambo Formation, AlbianCenomenian). Hence, the sequence clearly defines the oceanic crust adjacent to the continental
margin of Arabian plate and is largely preserved within the Zagros Suture Zone (Dercourt et al.,
1986; Kazmin et al., 1986). Mantle exhumation along the suture zone in northwest Iran is
suggested by Wrobel-Daveau et al. (2010) as a mechanism for emplacement of the radiolarite and
serpentinite mélange terranes but the presence of these rock types is consistent with many intraoceanic accretionary complexes and does not necessarily require special emplacement
mechanisms.

The rock group which is referred to as radiolarite comprises radiolarite mudstone, shale and chert,
as well as foraminiferal limestone (biomicrite). These rocks are strongly deformed and thrust onto
the Mesopotamian fore-deep carbonate of the Balambo Formation (Albian-Cenomanian). The
Qulqula-Kermanshah terrane was accreted against the Zagros supra-subduction zone ophiolite/arc
complexes in the Late Campanian-Maastrichtian before both the ophiolite and accretionary
complex were emplaced (obducted) onto the Arabian platform carbonate of the Balambo
Formation. This collision resulted in widespread development of a serpentinite-matrix melange.
Radiolarite in Qulqula (and the serpentinite mélange) represents the Qulqula Rise (i.e.
accretionary complex terrane) in northeastern Iraq that marks the transition from passive margin
to the foreland basin setting.

2.8.5 Ophiolite massifs and ophiolitic mélanges
Lithospheric mantle components of the ophiolites (i.e. ophiolite massifs and ophiolitic mélanges)
in the suture zone along the Iraq-Iran border in the Zagros Suture Zone are exposed in several
areas (see Fig. 2.12). The ophiolite massifs contain a complete section of mantle and oceanic
crustal sequences (the ophiolite component) which includes peridotite, gabbro, diorite,
plagiogranite and mafic and acidic volcanic differentiates (including mid ocean ridge basalt,
MORB). On the other hand, the ophiolitic serpentinite mélanges are related to subductionaccretion processes generated by subduction-driven viscous flow within “channels” at the base of
the accretionary wedge before the closing stages of the Neotethyan oceanic basins in the Late
Cretaceous. Ophiolitic serpentinite mélange shows sporadic or chaotic blocks of exotic origin
embedded in a schistose serpentinite matrix (Aswad et al., 2011; Aziz et al., 2011). The exposed
ophiolite massifs could be divided into two groups including the Kermanshah-Penjween
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ophiolites in the southeast (Figs 2.12 and 2.15) and the Mawat, Baneh-Bulfat and PiranshahrHajomran ophiolites in the northwest. The southeastern group is associated with a metamorphic
sole of the Late Cretaceous obducted ophiolites. In contrast, the northwestern group is not
associated with sole metamorphism and always occurs in nappes sitting on top of Walash
magmatic rocks and fore-arc sediments.

The Kermanshah ophiolite has K-Ar mineral ages on hornblende of 86.3±7.8 Ma from a
leucodiorite and 81.4±3.8 Ma from a diabase dyke cutting the same leucodiorite (Braud, 1987).
K-Ar age determinations based on hornblende from spilitic diabases in the Mawat ophiolite
sequences assign an age for the tectono-thermal event ranging 97-118 Ma (Aswad and Elias,
1988). These igneous sequences in the Mawat ophiolite are unconformably overlain by an AlbianCenomanian epi-ophiolitic volcano-sedimentary cover “roof unit”. The volcano-sedimentary
sequence is referred to as the Gemo Group (Jassim and Goff, 2006). The term “ophiolite-bearing
terrane” (Gemo-Qandil nappe) is used in this thesis to represents the distinctive rock association
stated above (i.e. the imbricate stack of thrust sheets of ophiolitic massif and related sedimentary,
igneous and locally metamorphosed rocks; e.g Aziz et al., 2011). The ophiolitic massifs of the
Mawat-Baneh-Bulfat group nappes contain almost all the characteristic members of an ophiolite
suite with the highly sheared basal serpentinites. The ophiolitic massifs and associated epiophiolitic volcano-sedimentary cover are the main constituents of the Gemo-Qandil nappe
(ophiolite-bearing terrane) that were juxtaposed onto Walash-Naopurdan nappe (32.3-43 Ma;
Koyi, 2006; Aziz et al., 2011). The Gemo-Qandil nappe and Walash-Naopurdan nappe are
referred to in this thesis as the Upper Allochthon and Lower Allochthon thrust sheets,
respectively. These allochthonous thrust sheets have been thrust over the Miocene Red Bed Series
(Aswad, 1999; Jassim and Goff, 2006). The Lower Allochthon is sealed from earlier rocks by
imbricate serpentinite wedges of ophiolitic origin (i.e. ophiolitic mélange serpentinite).
Serpentinite is the most abundant lithology in the ophiolitic mélange and contains blocks of
highly dismembered oceanic lithosphere and old crustal rocks in a serpentinite-matrix mélange.
The latter also occurs along thrust faults which juxtapose the Qulqula-Kermanshah terrane with
the overlying Tertiary volcano-sedimentary segment of the Lower Allochthon which is referred to
as GQR (Galalah, Qalander and Rayat) serpentinite-matrix mélange (Aziz, 2008; Aziz et al.,
2011). In comparison with the highly sheared basal serpentinites, the GQR serpentinite-matrix
mélange (ophiolitic mélange) has a drastically different petrogenesis, age and regional field
relationships, consisting of exotic blocks of mixed age (150 and 770 Ma; Aziz et al., 2011), and
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has initial εNdi values down to -30 (Aziz, 2008). The low εNdi values are indicative of maximal
incorporation of old crustal rocks into the serpentinite-matrix mélanges.

At the very front of the Mawat allochthonous thrust sheets, the 'Mawat klippe' lies on Tertiary
molasse (Tertiary Red Beds) whose age limits tightly overlap with nappe outcrops, suggesting a
close relationship between the Tertiary Red Bed deposition and progressive Mawat allochthonous
thrust sheet emplacement (Aswad, 1999). The Tertiary molasse, however, shows neither distinct
alteration nor damage zones (i.e. metamorphic sole) below the thrust fault (Aziz, 2008). The
emplacement process in the Mawat nappe has been interpreted as a gravity sliding mechanism by
Aswad (1999). It seems that the Mawat nappe probably detached after collision from the main
Kermanshah-Penjween ophiolitic body and its emplacement probably started in the Late
Oligocene (ca. 25 Ma).

2.8.6 Walash-Naopurdan-Kamyaran terrane
Eocene-Oligocene volcanosedimentary rocks occur in the Walash-Naopurdan (Aswad, 1999;
Jassim and Goff, 2006) and Kamyaran (Moinevaziri et al., 2009; Azizi et al., 2011) regions. They
represent intra-oceanic island-arc to back-arc volcanic rocks that are collectively named the
Walash-Naopurdan-Kamyaran terrane. They occur close to the suture zone on the southwestern
side of the Sanandaj-Sirjan zone but they are not observed in the southeastern part of the Zagros
Orogen in Iran.

The Walash-Naopurdan-Kamyaran terrane is exposed along the Zagros Suture Zone close to the
Cretaceous ophiolitic mélanges (Fig. 2.12). It contains abundant mafic-intermediate intrusive
rocks including gabbro and diorite cut by minor felsic dykes. In the Kamyaran area of northwest
Iran Braud (1987) reported that gabbro intruded into the Late Cretaceous ophiolite complex.
Abundant intrusive phases occur along the Sahneh-Marivan line (Moinevaziri et al., 2009), with
minor mafic volcanic equivalents. These Late Eocene-Oligocene calc-alkaline to tholeiitic rocks
imply a heterogeneous genesis in an intra-oceanic setting (Moinevaziri et al., 2009). Azizi et al.
(2011) proposed that this complex may have been part of the Cretaceous supra-subduction zone
ophiolite. However, field, petrographic and geochemical comparisons between the Kamyaran
volcanic/subvolcanic rocks (Azizi et al., 2011) and the Walash-Naopurdan volcanic/subvolcanic
rocks in Iraq (Ali, unpublished data) indicate they are equivalent units unrelated to the Cretaceous
ophiolite. The Walash is thought to have formed in a Paleogene back-arc setting to the Naopurdan
island-arc that developed in the Neotethys after obduction of the ophiolite in the Late Cretaceous.
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In the Walash-Naopurdan magmatic arc in Iraq the volcanic components are more abundant and
exposed as nappes thrust over Red Beds, whereas Walash-Naopurdan equivalents along the
Sahneh-Marivan line (Moinevaziri, et al., 2009) are exposed as thrust sheets in the SanandajSirjan active continental margin (Fig. 2.17; see Iranian geological maps in Moinevaziri et al.,
2009, and Azizi et al., 2011, for more detail).

The Walash-Naopurdan components can be divided vertically into two main thrust sheets
according to Buday and Suk (1978) as follows: a) the lower Naopurdan (Paleocene-Miocene)
consists of turbidites, nummulitic limestone and cycles of volcanic rocks that sometimes loses
identity with the Walash volcanic arc; and b) the upper Walash (Paleocene-Oligocene) is
composed of basic spilitic diabases, pyroxene-bearing spilitic basalts and spilites with some
intermediate dykes, lava flows and pyroclastic rocks. The subduction signature of volcanic rocks
of the Walash-Naopurdan nappe has been confirmed by many researchers who showed that
almost all the studied rocks in these nappes fall into the compositional field of arc-related rocks
(Aziz, 1986; Aswad, 1999; Ali, 2002; Koyi, 2006; Aswad et al., 2011; Aziz et al., 2011; Ali,
unpublished data).

2.8.7 Synorogenic foreland rocks
The foreland Maastrichtian flysch (turbidites) and Tertiary Red Bed Series were deformed due to
protracted continental convergence (Omrani, 2010; Alvarez, 2010), which provided a structural
high to facilitate gravity sliding of the nappes and hence structurally controlled mollasse
deposition in adjacent troughs (Aswad, 1999). Therefore, a huge thickness of Paleocene-Miocene
flysch (turbidites) and molasse sediments crop out mainly within the imbricate zone and foreland
of thrusts and nappes in northeastern Iraq (Fig. 2.12). The basin extends as a narrow northwestsoutheast belt (Al-Mehaidi, 1975; Jassim and Goff, 2006) and the Red Beds mainly consist of
alternations of thick beds of clastic red claystone, sandstone and conglomerate (Al-Brazinjy,
2005). Many authors (Bolton, 1958b; Buday and Jassim, 1987; Al-Brazinjy, 2005; Jassim and
Goff, 2006) have studied the tectono-stratigraphy and petrography of the Tertiary Red Bed Series
in Iraq and their equivalents in the southeast Zagros foreland in Iran (Homke et al., 2009; Homke
et al., 2010; Saura et al., 2011). According to Jassim and Goff, (2006) in northwest Iraq the Red
Beds can be divided into three groups, the Maastrichtian?-Oligocene lower Suwais Red Beds, and
the Early-Middle Miocene Lailuk Limestone (Govanda Limestone) and the Miocene- Pliocene
upper Merga Red Beds. The Suwais Red Beds (marine and continental foredeep) are partly
similar in composition to the Naopurdan Group in the Penjween-Walash zone and their outcrop is
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narrow because of overthrusting by the Naopurdan Group. In addition, the Suwais Red Beds are
divided into four units which comprise both turbidites and molasse-type clastic deposits
alternating with neritic nummulitic limestone deposited in a trough (see Jassim and Goff, 2006,
for more details).
The Oligocene-Miocene molasse unit stated above consists of polygenic conglomerate and
sandstone overlain by calcirudite to calcarenite limestone, marl and sandstone deposited
conformable over the Qulqula-Kermanshah radiolarites about 15 km southwest of Marivan
(Nogole Sadat and Houshmandzadeh, 1993). These rocks are exposed along a narrow basin from
east of Mawat in northwest to west of Bessaran in the southeast (see Fig. 2.12). Patches of
ophiolite and Walash-Naopurdan-Kamyaran magmatic arc rocks are exposed along the Zagros
Suture Zone to the northeast of the narrow Oligocene-Miocene basin (see cross-section CC’ in
Fig. 2.16).

2.9 Structure and tectonic history of the Zagros collision zone along the Iraq-Iran border
Rifting along the present Zagros fold and thrust belt took place in Permian to Triassic time,
resulting in the opening of the Neotethys Ocean (Saidi et al., 1997). Reconstructions of Tethys by
numerous authors (e.g. Stampfli et al., 1991; Alavi, 1994; Ricou, 1994; Sengör and Natalin, 1996;
Glennie, 2000; Mohajjel et al., 2003; Agard et al., 2005) show that the Neotethys was initiated in
the Permian, with extension along both passive margins in the Late Triassic, followed by JurassicMiocene subduction along the northeastern margin, Late Cretaceous arc-continent collision and
ophiolite obduction along the northeastern margin of the Arabian plate and finally Miocene
collision with Central Iran. Subduction of the Neotethyan oceanic crust under the southwestern
border of Central Iran (Sanandaj-Sirjan zone) caused development of the Late Jurassic-Cretaceous
magmatic arc (Mesozoic magmatic arc, see above). The northward movement of the Arabian plate
closed the remnant basin of the Neotethys Ocean in southwestern Iran (Mohajjel et al., 2003) and
southern Turkey (Yilmaz et al., 1993) in the Miocene. After Arabia and Central Iran were sutured,
large scale post-orogenic strike-slip faulting (Main Recent Fault) occurred (Talebian and Jackson,
2002).

The location of, and relationship between, the different tectonic units situated in several thrust
sheets across the Zagros Suture Zone are presented along three structural cross-sections (Fig.
2.16). The transport direction of all thrust sheets was towards the west and southwest. The first
detritus from the Neotethys oceanic rocks, including the ophiolites and radiolarites, has been
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found in the Tanjero Formation and its equivalent Amiran Formation in the foreland basin of the
Zagros Orogen. The presence of clasts of Neotethys oceanic rocks derived solely from the
serpentinite-matrix mélanges in the Tanjero turbidites does not necessarily constrain the end of
subduction. The Late Cretaceous ophiolites, including the Kermanshah-Penjween ophiolites, were
obducted over the northeastern margin of the Arabian plate (Mohajjel at al. 2003; Jassim and
Goff, 2006) due to collision of an island arc and the Arabian passive margin. Sole metamorphism
was produced within the ophiolites during their obduction in the Neyriz area in southwest Iran
(Sabzehi and Eshragi, 1995). Island arc remnants have been found in the Zagros Suture Zone in
the Neyriz area (Babaie et al., 2001). The Late Cretaceous ophiolites were obducted over
Avroman-Bisotun carbonates, while the Qulqula-Kermanshah radiolarites accreted onto the
Arabian margin. The Qulqula-Kermanshah radiolarites were deformed by this Late Cretaceous
tectonic event. The obduction of the Late Cretaceous ophiolites and deformation of the QulqulaKermanshah radiolarites and Avroman-Bisotun carbonates were all produced by collision of an
island arc with the Arabian passive margin. Fragments of this island arc are not observed in the
Penjween area but the remnant of the ophiolite arc (Hasanbag) has been recognized for the first
time in the Sidekan area in northeastern Iraq (Ali et al., in submission a). Late Cretaceous
ophiolites exposed in the Mawat, Bulfat and Pushtashan areas are found in thrust sheets overlying
the Red Bed series (Aswad, 1999; Jassim and Goff, 2006). The Mawat ophiolites were thrust over
the Walash-Naopurdan magmatic arc thrust sheet (Fig. 2.16). Late Cretaceous serpentinite has
been observed in the sole of the Mawat ophiolite nappe (Aziz et al., 2011).

The radiolarites exposed from the northwestern part of the suture near the Turkish border to
Kermanshah in southeast (Fig. 2.12) show that the radiolarite basin was a long ocean basin along
the northeastern margin of the Arabian plate (Kazmin et al., 1986). In the northwestern part near
the Iraq-Turkey border the radiolarites are exposed in a tectonic window. Therefore, in crosssection AA‘, radiolarite is present in the lowest thrust sheets of the collision zone. The AvromanBisotun carbonates are exposed along the suture zone in southeastern part (Fig. 2.12) and are not
exposed in thrust sheets farther to the northwest.

The Red Beds contain components from different tectonic units in the collision zone and
unconformably overlie the autochthonous Cretaceous sedimentary units of the Tanjero/Shiranish
Formations in the foreland (see above). The Red Beds are overlain by different thrust sheets of the
collision zone. In northern part of the collision zone, in the Sheikhan-Qalander area, they are
overlain by the Naopurdan (island-arc) thrust sheet (Figs 2.16-2.18) but in the Mawat area they
42

are overlain by the Walash (back-arc) thrust sheet (Figs 2.16-2.18). The Naopurdan thrust sheet is
not exposed southwest of Mawat Mountain but it is thought that in cross-section BB‘ it is overlain
by the Walash thrust sheet. The marine-dominated Naopurdan Group passed laterally into the
volcano-sedimentary Walash Group forming the Walash-Naopurdan nappe (Lower Allochthon;
Jassim and Goff, 2006). Later, this was locally dismembered into the Naopurdan and Walash
thrust sheets. The structure of the collision zone shown in the cross-sections indicates that the
Naopurdan and Walash magmatic arc to back-arc sequences were transported from their original
locations in the suture zone over the foreland basin to the southwest by thrust sheets. In the
Mawat area, thrust sheets are sitting on Miocene Red Beds indicating that the tectonic
emplacement happened during Late Miocene.

The Eocene-Oligocene Walash-Naopurdan volcano-sedimentary complex was thrust over the
Miocene Red Beds and overlain by the Late Cretaceous ophiolitic mélange. Therefore, older rocks
of the ophiolitic mélange serpentinite had already been accreted onto the Arabian margin during
the Late Cretaceous whereas the Mawat ophiolite-bearing nappe was thrust over the younger
(Late Miocene) accreted Walash-Naopurdan magmatic arc nappe. This contradicts the out-ofsequence thrust of Morley (1988) in the southwestern Zagros Suture Zone, which has also been
mentioned in another area of the Zagros Suture Zone by Alavi (1994). The Gimo-Qandil thrust
sheet containing metamorphic rocks from the hinterland (Sanandaj-Sirjan zone, Figs 2.16-2.18) is
the top thrust sheet in the Mawat area sitting over the Mawat ophiolite complex.

2.10 Discussion
In northeast Iraq a serpentinite-matrix mélange separates the Lower Allochthon (WalashNaopurdan nappe) from the Upper Allochthon (Gemo-Qandil nappe). The mélange contains
exotic blocks of varying composition and age (Aziz et al., 2011). As stated earlier the ophiolitic
serpentinite mélange is unrelated to the ophiolite massifs (e.g. Mawat, Bulfat and Pushtashan). It
is worth noting that the Mawat ophiolite massif-bearing thrust sheet overlies the WalashNaopurdan thrust sheet but the Penjween ophiolite thrust sheet directly overlies the Red Bed
Series. Therefore, no exposed rocks of the Walash-Naopurdan magmatic arc thrust sheet are
documented in the Penjween area. Based on the structural relationships described above,
allochthonous thrust sheets transported in front of the advancing Iranian hinterland were thrust
over the Miocene Red Bed Series along the Zagros Suture Zone due to a continent-continent
collision event (see Fig. 2.16).
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The Albian-Cenomanian Mawat and Penjween ophiolite complexes exposed along the Zagros
Suture Zone are 40 km apart from each other. Aswad (1999) suggested that these two ophiolite
complexes of Mawat and Penjween jointly represent a postulated slab of ancient allochthonous
oceanic lithosphere which has been detached after collision by strike-slip displacement due to
oblique convergence occurring between the Arabian and Iranian plates. However, no structural
evidence has been documented by Aswad (1999) for dextral strike-slip displacement. Instead,
Talebian and Jackson (2002) presented evidence for more than 40 km displacement along the
Main Recent Fault (Tchalenko and Braud, 1974) based on morphological separation of the
Kamyaran ophiolite along the Main Recent Fault in Iran. This research does not deal with the
amount of displacement along the Main Recent Fault but considers its location along the suture
zone. According to the existing geological maps of the area, including Figure 2.12, the Main
Recent Fault is a long way from the thrust faults in the Penjween-Mawat area mentioned by
Aswad (1999).

2.11 Conclusions
Two groups of tectonic terranes (i.e. ophiolitic mélanges and ophiolite massif-bearing terranes)
were generated and accreted onto the Arabian passive margin during the closure of the Neotethys
along the Zagros Suture Zone in northeastern Iraq and southwest Iran. The first group of terranes
belongs to a Late Cretaceous ophiolite mélange/arc-continent collision, instigated during the Late
Maastrichtian and continued through the Paleocene, which marks the transition from passive
margin to foreland basin setting. The Qulqula-Kermanshah radiolarites and Avroman-Bisotun
carbonates were deformed and accreted over the Arabian passive margin and Late Cretaceous
ophiolitic melange was emplaced on accreted terranes along the Arabian margin (Figs 2.16-2.18).
The erosional products from of the Qulqula radiolarite and serpentinite mélange were shed as
flysch deposits in the Tanjero Formation which is equivalent in age to the Amiran Formation in
Iran and it is considered to be a typical peripheral foreland deposit which occurred on the Arabian
passive margin. The continuous tectonic activities ultimately produced the Walash-Naopurdan
island-arc and back-arc series (island-arc tholeiite and calc-alkaline to alkaline rocks) that
developed in an intra-oceanic setting bordering the Arabian continent during the Paleogene. The
second collision event involved the accretion (obduction) of the Walash-Naopurdan island-arc and
back-arc terranes onto the Arabian margin during the Miocene (Fig. 2.18).

The continent-continent collision event is documented by abundant allochthonous thrust sheets
and nappes transported in front of the advancing hinterland rocks over the previously mentioned
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accretionary complex terranes and foreland basin assemblages. This collisional tectonic event in
the Late Miocene is identified by thrust sheets of the Eocene-Oligocene Walash-Naopurdan
magmatic arc overlying the Red Beds in the flexural foreland basin (Fig. 2.18).

It is concluded that the arc-continent collision in Late Cretaceous was completely eroded or
covered by later continent-continent collision-related thrust sheets in the Late Miocene, apart from
a small window of ophiolite arc preserved at Hasanbag Mountain. Continent-continent collision
during the Miocene resulted in the Late Cretaceous ophiolite being cut by younger generation
thrusts and re-emplaced as out-of-sequence thrusts on top of the Walash-Naopurdan magmatic arc
on Mawat Mountain. The metamorphic thrust sheets from the hinterland were also transported as
younger nappes that are situated above the earlier accreted thrusts and nappes in the Zagros Suture
Zone.
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Figure 2.3 Simplified geological map of Iraqi Zagros Suture Zone. Note that the Lower Allochthon
comprises the Walash volcano-sedimentary rocks intertwined with the Naopurdan sedimentary group
forming the Walash-Naopurdan nappe.
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Figure 2.4 Geological map of the Mawat-Chowarta area (modified from Al-Mehaidi, 1974).
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Figure 2.5 Field photograph of the contact area between the Walash-Naopurdan lower
allochthonous thrust sheet and the Hasanbag arc (upper allochthon) and the Red Bed
series (autochthon).

Figure 2.6 Field photograph of the contact area between the Naopurdan (Qalander
Mountain) and the Red Bed series (Qalander Province).
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Figure 2.7 Field photograph of the contact area between the Walash-Naopurdan lower
Allochthon thrust sheets (in Mawat), the Red Bed series and other autochthon
sedimentary rocks (Mawat Province).

Figure 2.8 Field photograph of the contact between volcanic and metasedimentary rocks
(melange) in the Hasanbag area.
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Figure 2.9 Postulated model for the formation of an accretionary prism by the process of
offscraping of sediments and emplacement of serpentinite mélange (Aswad et al., 2011).
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Former positions of Baghdad and Basra at 5 m.y. intervals back to 80 Ma
plotted in the reference frame of Eurasia, based on the finite-rotation
poles of Torsvik et al., 2008. The spacing between successive positions
on each track show that Arabia did not stop converging with Eurasia, or
even slow down, after the collision about 35-25 Ma that generated the
Zagros mountains (Alvarez, 2010).

Figure 2.10 Tracks for Baghdad and Basra during Arabia-Eurasia convergence (from Alvarez,
2010).
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Figure 2.11 Zagros orogen, a part of the Alps-Himalaya orogenic belt. Location of the study
area (Figure 2.12) on the Iran-Iraq border is shown. (a) after Mohajjel and Behyari (2010) and
(b) after Mohajjel (1997).
53

Figure 2.12 Simplified geological map of the Zagros collision zone along the Iraq-Iran border compiled from
1:1,000,000 scale geological maps of Iraq and Iran.
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Figure 2.13. a) Cretaceous phyllite in the Sanandaj-Sirjan zone, east of Marivan (Negel village).
b) Jurassic-Cretaceous Bisuton Limestone in Bisuton Mountain. (20 km NE of Kermanshah,
looking north).
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a
b

c

Figure 2.14 Folded, thin well-bedded chert and inter-bedded shale and limestone a) in a road cut in southern
Kermanshah, b) northwest of Hasanbag Mountain, c) in Sayd Sadiq city.
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Figure 2.15 a) Penjween ophiolites thrust over the Red Bed Series in foreland basin 2 km
southeast of Penjween city (after Ibrahim, 2009). b) Kermanshah ophiolites are overlain by subhorizontal Oligocene-Miocene sedimentary rocks (75 km east of Kermanshah, looking towards
the NE).
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Figure 2.16 Three structural cross-sections across the Zagros collision zone along the Iraq-Iran border (for
locations and legend see Figure 2.12).
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Figure 2.17 Walash-Naopurdan-Kamyaran volcano-sedimentary rocks are thrust over the Red
Beds at a) Mawat, b) Qalander, and c) Hasanbag.
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Figure 2.18 Schematic diagram of the tectono-stratigraphy of the Zagros collision zone along the Iraq-Iran border. Thrusts
associated with the Late Cretaceous collision are shown in black and the Miocene thrusts are shown in red. GQR (Galalah,
Qalander, Rayat), HHP (Halsho, Hero, Pushtashan; see Aziz et al., 2011, and Ali, et al., in submission for more detail).
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Chapter Three
Geochronology of Hasanbag arc rocks and Walash-Naopurdan arc – back-arc
rocks in the Iraqi Zagros Suture Zone
3.1 Introduction
The Iraqi Zagros Suture Zone (IZSZ) was the host of two main phases of volcanic arc
activity. This chapter provides a detailed geochronological study of these two volcanic
arc complexes using

40

Ar/39Ar geochronology. This study includes new

40

Ar/39Ar ages

for the Hasanbag extrusive and intrusive rocks which have previously been correlated
with those of the Walash-Naopurdan sequence (i.e. Walash back-arc and Naopurdan arc
rocks). The Hasanbag and Walash-Naopurdan sequences of arc affinity are situated in
northeastern Iraq within the Penjween-Walash Sub-zone (Jassim et al., 2006). This subzone, which is part of the IZSZ, is characterized by two allochthonous thrust sheets
(Aswad, 1999; Aziz et al., 2011): the upper and lower allochthonous thrust sheets. The
Lower Allochthon is composed of Walash volcano-sedimentary rocks intertwined with
the Naopurdan sedimentary group forming the Walash-Naopurdan nappe. The upper
allochthonous thrust sheet encompasses mainly ophiolitic massifs of AlbianCenomenion (97-105 Ma) age and a volcano-sedimentary sequence in the Gemo-Qandil
area (Aswad and Eliase, 1988). The studied dykes and volcanic rocks at Hasanbag,
which are presumably part of Gemo-Qandil Group, are the first reported evidence of
Late Cretaceous arc activity in the northern part of the IZSZ.
3.2 Analytical procedures
Five samples were selected for

40

Ar/39Ar analyses – M7, Q13, SH8, H20 and H23.

Samples Q13 and SH8 were crushed to ~2 cm chips using a jaw crusher. Individual
chips were then screened for alteration, with acceptable chips crushed further using a
steel piston crusher. Crushed samples were washed and sieved to 0.2-0.5 mm grain size.
Approximately 200 mg of material was hand-picked from each sample and leached for 5
minutes in 10% HNO3 to remove carbonate. Feldspar (M7, Q13) and hornblende (H20,
H23) mineral separates were obtained from the remaining samples using standard
crushing, de-sliming, sieving, magnetic and heavy liquid separation methods. Prior to
irradiation, all samples were rinsed with deionised water in an ultrasonic bath.
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Samples were loaded into aluminium foil packets and placed in quartz tubes (UM#43)
along with the flux monitor GA1550 biotite (98.8±0.5 Ma; Renne et al., 1998) and
irradiated in cadmium-lined cans in position 5c of the McMaster University reactor,
Hamilton, Canada.
40

Ar/39Ar step-heating analyses were conducted at the University of Melbourne

generally following procedures described previously by Phillips et al. (2007) and
Matchan and Phillips (2011). Irradiated aliquots of samples M7, Q13 and SH8 were
loaded into tin-foil packets and step-heated using a tantalum-resistance-furnace, linked
to a VG3600 mass spectrometer equipped with a Daly detector. Due to low potassium
contents and limited mineral separate volumes, aliquots of hornblende or feldspar from
samples H20, H23 and Q13 were step-heated using a CO2 laser linked to a MM5400
mass spectrometer with a Daly detector.
Mass discrimination was calculated prior to the analyses by measuring multiple air
aliquots from a pipette system, yielding weighted mean values of 1.0061±0.30% (1σ)
per atomic mass unit for the VG3600 and 1.0055±0.12% (1σ) per amu for the MM5400.
Argon isotopic results are corrected for system blanks, mass discrimination, radioactive
decay, reactor-induced interference reactions and atmospheric argon contamination.
Decay constants used are those reported by Steiger and Jäger (1977), correction factors
(±1s) for interfering isotopes were (36Ar/37Ar)Ca = 0.000280±3.6%, (39Ar/37Ar)Ca =
0.000680±2.9%, (40Ar/39Ar)K = 0.000400±100% and (38Ar/39Ar)K = 0.0130±3.9%.
System blank levels were monitored between analyses and found to be essentially
atmospheric (40Ar/36Aratm = 295.5±0.5; Nier, 1950).
Plateau ages were calculated using ISOPLOT (Ludwig, 2003) and are defined as
including at least 50% of the

39

Ar, distributed over a minimum of 3 contiguous steps

with 40Ar/39Ar ratios within agreement of the mean at the 95% confidence level. Inverse
isochron plots were also constructed with ISOPLOT (Ludwig, 2003), using the same
data points included in the calculation of the weighted mean ages. With the possible
exception of sample H23, the inverse isochron regressions show that the trapped argon
component (40Ar/36Ari) is of atmospheric composition within the uncertainties,
justifying the interpretation of weighted mean ages as crystallisation ages. Calculated
uncertainties associated with mean and plateau ages include uncertainties in the J62

values, but exclude errors associated with the age of the flux monitor and the decay
constant.
3.3 Hasanbag dating results
3.3.1 Hasanbag subvolcanic rocks
The diorite dyke intruding Hasanbag volcanic rocks yielded an age of 106±12 Ma.The
age spectra of diorite samples (H20_1 to H20_5) reveal that the older ages occur in the
lower temperature fractions (Step 1) and the minimum age occurs in the middle
temperature step (Step 1 in Table 3.1). These anomalously old apparent ages determined
from the initial steps are attributed to the rocks being strongly affected by excess

40

Ar

and this the would make them appear much older than their actual intrusion ages. Also
there is still some uncertainty concerning the role of excess

40

Ar which might need

further investigation. Therefore the isotopic data for the low temperature fractions are
excluded and the inverse isochron age calculation is carried out using middle and high
temperature steps (Fig. 3.1 and Tables 3.1 and 3.2). The plateau age spectra of
92.35±1.4 Ma is calculated from sample H20_5 (Fig. 3.2, H20_5).
3.3.2 Dating result of extrusive Hasanbag rock (H23) hornblende
The textural history of sample H23 suggests that the Ti-rich hornblende (kaersutite) was
formed at relatively higher pressure (i.e. 305-413 MPa) at temperatures ranging from
947-1002ºC. They were probably brought up as quench crystals with the ascending
magma, followed by heterogeneous alteration. Therefore, the studied hornblende from
sample H23 yielded scattered data in the step-heating analysis often with an imprecise
40

Ar/36Ar intercept value of 313.5 +8.6, a high MSWD = 4.8, and high errors 8.9 Ma on

the final age of 95.8 Ma (Fig. 3.3 and Table 3.3). Figure 3.1 shows that the sample
produced isochron ages that reflect simple mixtures of radiogenic and atmospheric
components, though some exhibited excess argon. This is reflected in the intercepts
below 0.003384 (the isotope ratio of atmospheric argon 1/295.5) on the

36

Ar/40Ar axis

(i.e. 0.003189 = 1/313.5). By excluding low-temperature gas fractions, the age =
106±12 Ma with a rather high MSWD = 6.6 (Fig. 3.4 and Tables 3.3and 3.4).
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3.3.3 Geochronology of extrusive and intrusive of Hasanbag: comparative study
In comparison with the volcanic rocks, the diorite dykes at Hasanbag contained very
significant quantities of excess
40

40

Ar* (Fig. 3.5; i.e.

40

Ar is not exclusively produced by

K decay). Therefore, the anomalously old apparent ages from some of the initial steps

in some cases are probably due to excess

40

Ar. Figure 3.6 shows that the plot of

isochrons determined from the argon data from the two rock types, constrained by the
isochron line needing to pass through the

36

Ar/40Ar ratio of modem atmosphere

(=1/295.5), shows clearly that the volcanic rocks have more atmospheric component
caused by heterogeneous alteration of the sample. Thus, altered samples yielded
scattered data, often with high atmospheric Ar contents, a high MSWD (mean squared
weighted deviation), and high errors on the final age.
3.4 Geochronology of Walash and Naopurdan rocks
3.4.1 Geochronology of Sample M7 feldspar which represents a pyroclastic rock
from the Walash at Mawat
Sample M7 feldspar, which represents a pyroclastic rock from the Walash back-arc in
the Mawat area, was analyzed using the

40

Ar/39Ar incremental heating technique and

revealed a plateau age spectra (Fig. 3.7). The commonly used definition of a plateau is
defined by gases released from a minimum of three consecutive temperature increments
whose relative ages overlap by a total of 50% or more of the total 39ArK released from
the completed incremental heating experiment (Fleck et al., 1977).
The sample M7 feldspar yielded a well-behaved age spectrum (Fig. 3.7). Due to low
temperature alteration, the initial ~7% of the

39

Artot released is disturbed (Table 3.5).

Excluding the disturbed five small fractions (i.e. ~7% of the 39Artot), the remaining 93%
of the 39Artot was used to calculate a weighted mean age of 43.68 Ma. The Ca/K values
reveal an overall increase from 0.96 to 0.98 (steps 1 and 2 in Fig. 3.7 and Table 3.5) and
then declines to 0.18. The high-temperature gas fractions display very small fluctuations
in apparent Ca/K ratios (e.g. 0.02-0.06), suggesting that the release of

39

ArK occurred

from compositionally uniform sites.
The plateau age of 43.01±0.15 Ma with MSWD (mean square weighted deviation) is
less than ~2.3* for 47% of the gas released (step 6 to step 10). This sample gave a
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plateau age statistically indistinguishable from the the isochron age of 43.32 Ma and the
weighted mean age stated above (i.e. 43.68 Ma). Visually, there appears to be a
descending staircase age spectra and a fairly minor “bump” on the plateau section at
step 11 and step 12 (Fig. 3.7). The latter, which is revealed by the age spectrum,
suggests that there may have been a recoil of 39Ar. Recoil has the affect of increasing the
apparent ages of the parts of the spectrum to 44.45 Ma (step 11) controlled by mineral
phases that have lost

39

Ar and decreasing the apparent ages of the parts of the spectrum

(step 13) controlled by those phases that have gained 39Ar.
3.4.2 Geochronology of sample Q13 basalt aliquot 'b' rock from the Naopurdan at
Qalander
Four whole rock specimens of sample Q13 basalt aliquot 'b', which were analyzed using
the 40Ar/39Ar incremental heating technique, reveal plateau age spectra of = 33.42±0.44
Ma (Fig. 3.8). The mean age calculated for Q13 (n = 11) is 33.42±0.42 Ma.
Low- and high-temperature gas fractions of sample Q13 basalt aliquot 'b' display clear
fluctuations in apparent Ca/K ratios, suggesting that the release of 39ArK occurred from
compositionally non-uniform sites and/or recoil. The higher Ca/K ratio of studied rocks
at ~0.54-1.35% 39Ar release is probably due to partial rock decomposition in step 1 and
step 2 of the extractions may reflect post-magmatic metamorphism. In the

40

Ar/39Ar

step-heating studies, the plateau steps (3-7) released argon from the least altered sites on
the primary minerals (i.e. augite and Ca-rich plagioclase).
The high-temperature gas fractions (step 8 to step 12) suggest that the release of 39ArK
occurred from compositionally non-uniform sites and/or recoil. The latter has the affect
of increasing or decreasing the apparent ages of the parts of the spectrum controlled by
primary minerals (i.e. pyroxene) that have either lost

39

Ar and slightly decreased or

increased the apparent ages (Fig. 3.8). The change in plateau spectra shown by steps 812 are certainly related to the fluctuated Ca/K ratios. The high apparent age shown by
sample Q13 within the first few percent of gas released may be due to the secondary
mineral constituents during post-magmatic alteration. The Ca/K ratio remains relatively
constant at about 3-7 for the initial

39

Artot release of 42.6%. But then at 62.1 % and

greater, the Ca/K ratio rapidly increases up to 28.77, indicating a phase with either a
relatively larger calcium content or a relatively smaller potassium content. By means of
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microprobe analysis, the mineral giving a slightly fluctuating age plateau was either a
low temperature high-Ca/K-ratio secondary phases or a high-temperature high-Ca/Kratio phase relict of the original igneous mineralogy (Table 3.6).
3.4.3 Geochronology of sample SH8 basalt aliquot basaltic andesite from the
Naopurdan island arc in the Sheikhan area
The SH8 basalt aliquot 'a' is characterized by a U-shaped (also called 'saddle-shaped')
spectra of low confidence. The age spectra for this rock sample consists of three distinct
parts, revealing that the older ages occur in the lower temperature fractions and the
minimum age occur in the middle temperature step. The first part, constituting the first
~30% of gas release, is characterized by down-stepping ages and low Ca/K ratios. The
second part of the release is characterized by Ca/K ratios that increase to a value of ~7
(step 9; Fig. 3.9 and Table 3.7). The last ~1% of gas released is characterized by low
Ca/K ratios and older ages. The highly variable Ca/K ratios from step 6 to step 12 are
consistent with argon degassing from different reservoirs of strongly varying
retentiveness and composition. These high values are probably caused by degassing
from Ca-rich minerals, for example, clinopyroxene. The low temperature steps,
however, are associated with low Ca/K, indicating contamination by a K-rich
phylosilicate or an alteration product. No definite plateau age was obtained for this age
spectra.
The SH8 basalt aliquot 'b' yielded a slightly saddle-shaped age spectra using the
40

Ar/39Ar incremental heating technique, and revealed a good plateau age spectra. The

limited change in plateau spectra shown by steps 6-9 reveals a plateau age spectra of =
24.31±0.60 Ma (MSWD = 0.50) for the initial

39

Artot release of 61% (Fig. 3.10 and

Table 3.8).
3.5 Discussion
The Hasanbag igneous complex is part of the ophiolite-bearing terranes ‘Upper
Allochthon’ (i.e. Gemo-Qandil Group) which are composed of meta-volcanosedimentary rocks of Late Cretaceous age (Jassim elal.2006). However, the Hasanbag
igneous complex comprises volcanic rocks of arc affinity cross-cut by intrusive rocks
(i.e. dolerite and diorite dykes) forming the Hasanbag arc complex (HAC). The volcanic
suite consists mainly of andesite and basaltic andesite. The Ar-Ar geochronology of
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magmatic horneblende from the HAC prevails that the age of the arc complex was of
Albian-Turonian (106-92 Ma) age. The discovery of arc activity with an age of Late
Cretaceous (106-92 Ma) documents a so-far unknown episode of arc magmatism in the
Iraqi Zagros Thrust Zone. The HAC occurs within the metamorphosed volcanosedimentary succession of Albian-Cenomanian age (Upper Allochthonous Thrust
Sheet), which was juxtaposed against the unmetamorphosed Tertiary volcanosedimentary succession of the Walash-Naopurdan Group (Lower Allochthonous Sheet).
The nappe stack which is composed of the two allochthonous thrust sheets stated above
was emplaced over the accretionary complex terrane and foreland basin of the Arabian
platform. From the configuration which is based on coexistence of the intra-oceanic arc
activity (i.e. Hasanbag arc complex of Albian-Turonian (106-92 Ma) age and WalashNaopurdan arc – back-arc volcanic and subvolcanic rocks of Eocene-Oligocene age
(43.01±0.15 to 24.31±0.60 Ma), it may be concluded that the closure of Neotethys was
culminated in two subduction processes.
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Figure 3.1 Inverse isochron diagrams for diorite (H20) sample from the Hasanbag area.
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Figure 3.2 40Ar/39Ar apparent age spectrum plot for diorite sample (H20) in the Hasanbag area.
Preferred weighted mean age is indicated in bold print.

Figure 3.3 36Ar/40Ar versus 39Ar/40Ar correlation diagram for H23 hornblende. The ellipses show the
analytical errors.
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Figure 3.4 36Ar/40Ar vs. 39Ar/40Ar plot excluding the low-temperature gas fraction steps for H23.

70

Figure 3.5 36Ar/40Ar vs. 39Ar/40Ar plot includes both the extrusive and intrusive rocks from the
Hasanbag area. In comparison to the volcanic rocks, the diorite dyke contained very significant
quantities of excess 40Ar*.
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Figure 3.6 Plot of isochrons of both volcanic and subvolcanic rocks from Hasanbag passing through
the 36Ar/40Ar ratio of modern atmosphere (=1/295.5). The plot shows clearly that the volcanic rocks
have more atmospheric component caused by heterogeneous alteration of the sample.
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Figure 3.7

40

Ar/

39

Ar apparent age spectra, Ca/K and Inverse Isochron diagrams for Walash calc-

alkaline sample M7 in Mawat area.
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Figure 3.8 40Ar/ 39Ar age spectra and Ca/K for Naopurdan sample Q13 in Qalander area.
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Figure 3.9 40Ar/ 39Ar age spectra and Ca/K for Naopurdan sample SH8 basalt aliquot 'a' in Sheikhan
area.

Figure 3.10: 40Ar/ 39Ar apparent age spectra for Naopurdan sample SH8 basalt aliquot 'b' in Sheikhan
area.
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Chapter Four
Petrography and mineral chemistry
4.1 Introduction
Petrography is a key component in the study of igneous rocks. More recently it is has
had a significant change in its scope, from the classic hand-specimen and thin-section
descriptions, to approaches involving highly complicated textural and chemical analysis.
This petrographic study was undertaken to provide constraints on the crystallization
series and to document disequilibrium textures and other evidence for petrologic
processes. Two different types of volcanic and subvolcanic rocks are present within the
Iraqi Zagros Suture Zone (IZSZ), namely the Late Cretaceous Hasanbag rocks and the
Paleogene Walash-Naopurdan volcanic complex. The petrography and mineral
chemistry of these two IZSZ volcanic and subvolcanic sequences are considered
separately.
The volcanic and subvolcanic rocks from the Late Cretaceous Hasanbag and the
Paleogene Walash-Naopurdan rocks are petrographically diverse. The Hasanbag
volcanic and subvolcanic rocks have fresh phenocrysts but usually an altered matrix.
Samples with the least alteration have been chosen for this study. The majority of the
Walash sequence consists of volcanic and subvolcanic rocks in the Leren and Mawat
areas, whereas the volcanic and subvolcanic rocks in the Galalah area are relatively
fresh (Fig. 1.3), with mainly porphyritic and holocrystalline textures. However, the
Naopurdan volcanic and subvolcanic rocks in both the Qalander and Sheikhan provinces
have undergone slight secondary alteration (Fig. 1.3), while the Walash volcanic rocks
in the Choman area are highly altered.
Petrographic data for representative samples of the different volcanic and subvolcanic
(dyke) rocks have been determined by routine petrographic techniques. Chemical
analyses of the major oxides in individual minerals were carried out using a Cameca
SX100 Electron Microprobe (see Methodology). The textures and mineralogical
compositions of the studied rocks, from all provinces, and from older to younger are
discussed; these are Hasanbag, Mawat, Leren, Galalah-Choman, Qalander and Sheikhan
(Fig. 1.2).
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4.2 Petrography of Hasanbag volcanic rocks
Twenty two thin sections from Hasanbag were examined using a standard petrographic
microscope (see Fig. 1.3 and Appendix A). Almost all of the studied samples are lava
flows. The total thickness of this volcanic stack is estimated to be close to 700 m. No
significant sedimentary beds were found between the lava flows, indicating a continuous
high extrusive rate. Stratigraphic correlation across such a huge volcanic pile is difficult
to establish. In general the rocks are hydrothermally altered but most of the igneous
textures are still preserved. Megascopically, Hasanbag samples have variable colours
from dusky yellowish brown to greenish gray, dark greenish gray and gray, reflecting
variable proportions of weathering and of both primary and secondary constituents. The
grain size of these samples extends from medium- to very fine-grained (0.2-1.6 mm) and
they are normally non-foliated. A wide range of textures are seen within the lavas and
these can be attributed to their cooling history. The main textures encountered within the
volcanic rocks are porphyritic, amygdaloidal, glomeroporphyritic, microlitic-porphyric,
decussate, ophitic and aphyric textures (see Fig. 4.1A-D and Appendix A). The
porphyritic texture show phenocrysts of plagioclase and clinopyroxene embedded in a
groundmass with the modal percentage of plagioclase and clinopyroxene being 22-66%
and 2-20%, respectively (see Appendix B), of the total rock volume. The phenocrysts
are surrounded by fine-grained chlorite, amphibole, alkali-feldspar, Fe-Ti oxides,
epidote and sphene. The amygdaloidal texture shows amygdales filled with chlorite,
epidote and less commonly with quartz (see Fig. 4.1A). The glomeroporphyritic texture
consists of clusters of phenocrysts of plagioclase and clinopyroxene set in a fine-grained
groundmass which consists mostly of clinopyroxene and feldspar (see Appendix A and
Fig. 4.1B). A decussate texture exists in one Hasanbag sample (H23; Fig. 4.1C). Ophitic
and subophitic textures are also found in two of the basalitic andesite rocks (H5 and
H9). Here the plagioclase crystals are totally or partially included within clinopyroxene
grains (see Fig. 4.1D). The aphyric texture was only observed in one Hasanbag volcanic
sample (H22) with a fine-grained or aphanitic texture lacking phenocrysts (Fig. 4.1E).
The volcanic rocks consist of phenocrysts of plagioclase, clinopyroxene and iron oxides
set in a groundmass of these same minerals. Hornblende was observed in one sample
only (H23; Fig. 4.1F). Alkali-feldspar (anorthoclase) is found as small grains normally
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comprising less than 1% of the total rock volume (e.g. H23; Appendix B). Ti-Fe oxides
(1-5%) and sphene (1.5-3%) are accessory minerals. Moreover, the ophitic textural
relationships among the primary phases suggest early crystallization of plagioclase
followed by clinopyroxene and, finally, by opaque minerals. These primary minerals are
generally partly altered to chlorite; calcite, fine-grained clay minerals, sericite, zeolites
and secondary albite (see Appendix A). Secondary quartz constitutes (2-8%) of the
whole rock volume. It exists in the groundmass, associated with chlorite in veins or
sometimes filling vugs with epidote (Fig. 4.1A). Chlorite (brunsvigite) is one of the
common secondary minerals formed as an alteration product of clinopyroxene and
amphibole by uralitization process or sometimes replacing glassy patches in the
groundmass (H6). In other samples it appears filling the amygdales along with epidote
(H11; Fig. 4.1A). The volume percentage of chlorite ranges between 10% and 40% of
the whole rock volume. Epidote ranges between 0.5% and 5% of the whole rock volume
and is found as veins or filling amygdales along with chlorite.
Plagioclase grains are idiomorphic to sub-idiomorphic forming 22-66% of the total rock
volume. The grain size of plagioclase phenocrysts ranges from 0.13-1.6 mm. Some
plagioclase phenocrysts have been altered to white mica and clay minerals. The
plagioclase phenocrysts have tabular shapes with albite or albite-Carlsbad twining and
normal zoning (Fig. 4.1B). Clinopyroxene crystals are mostly subhedral to euhedral and
constitute 2-20% of the total rock volume with crystal sizes ranging from 0.2 to
0.89 mm. They are partially altered to chlorite and secondary amphibole by uralitization
processes (Fig. 4.1G). The clinopyroxene phenocrysts show rectangular prismatic
shapes, with sector (hour-glass) zoning (Fig. 4.1H-I), or euhedral eight-sided crystals
(Fig. 4.1J). Alkali feldspar (anorthoclase) is located in the groundmass as microlites.
The primary groundmass constituents are predominantly plagioclase laths with variable
proportions of subordinate clinopyroxene. They have mostly been altered to chlorite,
biotite (see Fig. 4.1K), epidote, Fe-Ti oxide, sphene (see Fig. 4.1L) and quartz. Thin
hydrothermal veins made of calcite; chlorite, epidote, quartz and less commonly iron
oxides mixed with zeolites, normally cross-cut the rocks. No olivine was observed
within the Hasanbag volcanic rocks.
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4.2.1 Mineral chemistry of Hasanbag volcanic rocks
Plagioclase, pyroxene, amphibole, iron oxide, chlorite and epidote in the volcanic
Cretaceous rocks at Hasanbag Mountain were analysed. Seven different samples were
chosen for this analysis. A total of 69 coexisting crystals were analysed from all these
polished thin sections, including the cores and rims of clear unaltered crystals in order to
observe the scope of compositions that existed in the rocks. Representative analyses are
given in Tables 4.1 to 4.6.
Plagioclase is one of the dominant minerals in the Hasanbag volcanic rocks. It is always
affected by different degrees of alteration and metamorphism. Twenty spots (cores and
rims) of plagioclase have been analysed from the seven samples, and its formula was
calculated on the basis of 8 oxygens. These were plotted on an Ab-An-Or triangle
diagram (Deer et al., 1966; Fig. 4.2) to identify the plagioclase type. Albite forms the
main composition of the subhedral laths and microlites in the matrix. However,
oligoclase is observed in sample (H10, An27) and is also found in sample H23 (see Table
4.1).
To be noted is that most plagioclase compositions fall in the albite field, indicating the
prevalence rock-sea water interaction. The rocks that contain high Na-plagioclase
definitely show metasomatic alteration of the feldspar during rock-sea water interaction
(Sethna and Javeri, 1999). One alkali feldspar from sample H23 had the composition of
sanidine (An1.18-Ab59.02-Or39.8). Feldspar phenocrysts and groundmass are commonly
partly altered to white mica; clay minerals, calcite, chlorite, zeolites and epidote as
indicated by both the microprobe and XRD analyses (see Appendix D). In this context,
it has been inferred that most of the Hasanbag volcanic samples were subjected to
metamorphism within the greenschist facies.
Clinopyroxene is commonly the only primary igneous phase to be preserved in altered
metamorphosed basalts and its composition provides a chemical criterion by which
clinopyroxnes from different tectonic environments can be recognized (Nisbet and
Pearce, 1977). Clinopyroxenes are preserved in the majority of the Hasanbag volcanic
rocks. Thirty four points from cores and rims of clinopyroxene phenocrysts and
microphenocrysts were analysed and plotted on the quadrilateral classification diagram
Di-Hd-En-Fs (Morimoto, 1988). The clinopyroxene formulae were calculated on the
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basis of 6 oxygens (Table 4.2). Major composition of clinopyroxene range SiO2 45.2353.04 wt%, TiO2 0.53-2.81 wt%, Al2O3 2.19-6.25 wt%, Na2O 0.23-0.46 wt%, MgO
11.82-17.87 wt%, CaO 18.83-21.55 wt%, FeO 5.99-10.84 wt% and Mg# 0.66-0.83 (see
Table 4.2). All clinopyroxene samples are augite (Wo44.46-En46.43-Fs9.1; see Fig. 4.3). In
general, clinopyroxene grains have high Ca and low Na values, while the average Al
ratio is 3.99% but in a few crystals it reaches 6.25%. The unusually wide range of Al
content in these mafic rocks reflects the substitution of AlIV for SiIV as in the equation
(Mg, Fe)V1 + 2Si1V = TiV1+2Al1V (Ronga et al., 2010).
The chemical composition of clinopyroxene changes with fractional crystallization
evolution, which explains the mineral evolution trends during this process. Augite
crystallization starts in the primary stage close to the Di angle in the pyroxene
quadrilateral. With continuing magma differentiation, it moves towards hedenbergite
(Hd) by increasing Fe and decreasing Mg contents. The pyroxene crystallization trend of
these rocks is parallel to the pyroxene evolution trend formed by crystallization under
low pressure conditions (Johanson et al., 1985; Fig. 4.4).
Sector zoning is observed in most pyroxenes in the Hasanbag volcanic rocks with
decreasing FeO and Cr2O3 from core to rim and increasing Mg# from the core to rim
(e.g. H24). The increasing Mg# may be a primary result of increasing oxygen fugacity
(i.e. low fO2 conditions result in very little Fe3+ in the pyroxene (see Fig. 4.1H and
Table 4.5). The presence of ilmenite-magnetite which is rich in Fe3+, indicating a late
crystallization under high fO2 conditions.
Soesoo (1997) calculated pressure-temperature crystallization conditions for pyroxenes
based on the statistical multivariate calculations given below:
XPT = 0.446SiO2 + 0.187TiO2 - 0.404Al2O3 + 0.346FeO(t) - 0.052MnO + 0.309MgO +
0.431CaO - 0.466Na2O
YPT = - 0.369SiO2 + 0.535TiO2 - 0.317Al2O3 + 0.323FeO(t) + 0.235MnO - 0.516MgO 0.167CaO - 0.153Na2O.
Depending on this calculation, all Hasanbag volcanic and subvolcanic samples plot
between 1150ºC-1200ºC and 2-5 kb pressure (Fig. 4.5).
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According to D’Antonio and Kristensen (2005) the relationships among total Al3+, Si4+
and Ti4+ of the analyzed clinopyroxene crystals (Fig. 4.6) demonstrate that the available
Al is more than enough to balance both the Si deficiency in the tetrahedral site (i.e., Al >
2Si) and the Ti in the octahedral site (i.e., Al:Ti
≥ 6:1

; Fig. 4.7). This implies a

fundamental role of the Tschermak’s components (CaR3+R3+SiO6), particularly the
CaAlAlSiO6 component, in the composition of Hasanbag clinopyroxenes and a scarce
role of the acmite component (NaFe3+Si2O6).
Vieten (1980) stated that a negative correlation between (Fe2+ + Si4+) and (Fe3+ + AlIV),
as shown in Figure 4.8 for phenocryst rims and microlites, suggests an increase of ƒO2
during the late stages of crystallization of these clinopyroxenes. It is clear that all
clinopyroxene in the Hasanbag samples show an excellent negative correlation between
(Fe2+ + Si4+) and (Fe3+ + AlIV) which confirms the increase of ƒO2 during the late stages
of crystallization of these clinopyroxene crystals.
Amphibole minerals are present as a primary phase in the Hasanbag volcanic rocks.
Five spots on one sample (H23) were analysed and, when plotted on the amphibole
classification diagram (Yavuz, 1999), mainly show a kaersutite composition as a
function of Si content (Fig. 4.2 and Table 4.3).
Wilkinson (1974) has stated that kaersutites should be considered as Mg-rich members
of the pargasite-ferropargasite series with high Ti (0.5 atoms or more per formula unit).
Despite the differences in origin (i.e., volcanic and subvolcanic rocks, the amphiboles in
samples H23 and H20 are similar in that they contain the kaersutite (Fig. 4.2).
Consequently, the similar compositions could indicate that the Hasanbag volcanic and
subvolcanic rocks were formed from the same magma source.
The very high Ti content kaersutite may indicate they are relicts of a magmatic protolith.
Generally, kaersutites are commonly present as a primary phase in both alkaline and
subalkaline rocks (e.g, Deer et al., 1966; Best, 1970; Wilkinson, 1974; Mitchell, 1990;
Martin, 2007). However, their formation should be favoured in bulk melt compositions
rich in Ca, Al and Ti. Experimental studies of mafic compositions in the presence of
water have shown that amphibole may be stable at low to high pressures, both in
subsolidus assemblages and coexisting with the melt. Hydrous tholeiitic liquids can also
89

be kaersutite-saturated at conditions close to the amphibole liquidus temperature
(ca.1050°C) and fO2 controlled by the NNO buffer (e.g. Holloway and Burnham, 1972;
Helz, 1979). Synthesis fields for ilmenite show that it is stable at low pressures and high
temperatures (P = 1.6 GPa at T > 800oC). Therefore, the studied kaersutite, which coexists with ilmenite, would be stable at low pressures and high temperatures (ca.1002°C,
see Fig. 4.10 A-D). Although kaersutite has not been crystallized from magma in
experiments, phase equilibria studies have established that elevated temperatures and
reduced fO2 increase the TiO2 content of amphiboles crystallizing from basaltic melts.
The textural history as well as mode of occurrence of the studied rocks is consistent with
final magma emplacement at low pressure (e.g., H20) and/or extrusion (e.g., H23).
Hence there is a possibility that kaersutite was formed at relatively higher pressure (i.e.
305 to 413 MPa) at a temperature ranging from 947 to1002°C, and was brought up as
quench crystals with the ascending magma. The studied hornblendes indicate relative
fO2 values (∆NNO -0.1 to +1.2) and lower H2Omelt (3.2-6.6 wt %).
Ernst and Liu (1998) compiled a pressure-temperature (P-T) scheme based on the Al2O3
and TiO2 contents in amphiboles. This scheme can be used for metabasaltic assemblages
containing coexisting Al-rich (e.g., plagioclase, epidote and garnet) and Ti-rich (e.g.,
illmenite, titanate and rutile) phases, and closely approached chemical equilibrium under
crustal or uppe rmost mantle conditions. The amphiboles in this study can be classified
as a high temperature amphibole (see Fig. 4.11).
Chlorite is a common secondary mineral produced during alteration of clinopyroxene
and amphibole. Eleven spots of chlorite have been analysed in seven volcanic and four
dyke samples. Its formula was calculated based on 28 oxygens (Table 4.4). The analyses
were plotted on the Hey (1954) diagram for identifying chlorite type (Fig. 4.12). All
chlorite spots in the Hasanbag samples are brunsvigite, which is characterized by a low
concentration of SiO2 and Al2O3 with an average of 26.39% and 17.85%, respectively,
with a low range of Mg# (Mg/Mg+Fe+2; see Table 4.4).
Epidote is a distinctive mineral in the greenschist metamorphic facies. It is a secondary
mineral essentially produced from plagioclase alteration. In addition, epidote and
clinozoisite are important constituents of low and medium grade metamorphism (Berry
and Mason, 1959; Berry et al., 1983; Frey and Robinson, 1999). The formulae of six
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epidote electron microprobe analyses from three volcanic and one subvolcanic (H28)
samples were calculated on the basis of 12.5 oxygens (Table 4.5). Based on the
nomenclature of the epidote-group minerals which was recently recommended by
Armbrusterl et al. (2006), all samples belong to the clinozoisite subgroup. The name
pistacite has been used by some authors; but the majority describe those members with
between 15 and 33 mol. % as epidote. Therefore, this mineral which has 26-33 mol. %
Ca2Fe3Si3O12 (OH) is considered here to be epidote (Fig. 4.13 and Table 4.5).
Iron-bearing minerals in igneous rocks are mostly magnetite, ilmenite, pyrite and rarely
pyrrhotite (Hatch et al., 1972). Most original magmatic Fe-Ti oxides in the basalt were
destroyed and replaced by a mixture of sphene, rutile and pyrite, leaving iron to be taken
up by chlorite. In some samples, the Fe-Ti oxides have mostly been replaced by sphene
instead of rutile, for example, in sample H19 (Fig. 4.1L). Some Hasanbag volcanic
samples are characterized by the unaltered remains of primary euhedral iron oxide (e.g.,
H23). However, the majority of Fe-Ti oxides occur as small anhedral crystals scattered
in the groundmass, particularly in the altered basalts. Ten analyses of iron minerals in
six Hasanbag samples (with their formulae calculated on the basis of 32 oxygens) were
plotted on Putnis (1992) diagram which showed they are mostly magnetite (e.g., H10)
and hematomagnetite (e.g., H24; see Fig. 4.14 and Table 4.6).

4.2.2 Petrography and mineral chemistry of subvolcanic rocks (dykes) in the
Hasanbag area (Late Cretaceous).
Seven dykes were cross-cut the Hasanbag volcanic lavas. They include six dolerite (fine
grained gabbro, H13, H14, H15, H25, H28 and H29) and one diorite dyke (H20; Fig.
4.15A-B and Appendix C). All dolerites have medium-grained crystals and their
weathering colour varies from gray to dark gray. These dykes display ophitic,
subophitic, poikilitic and/or intergranular textures. The primary mineral assemblage for
all the dolerites dykes is very similar namely; plagioclase + pyroxene + iron oxides.
Moreover, the textural relationships among the primary phases suggest early
crystallization of plagioclase, then clinopyroxene and, finally, opaque minerals.
However, the diorite dyke (H20) has a different primary mineral assemblage consisting
of plagioclase + hornblende + pyroxene + iron oxides. Additionally, depending on the
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degree of alteration, slightly different primary and secondary mineral assemblages are
recognized in both the dolerite dykes and diorite dyke, respectively:
Plagioclase (albite) (45-61%) + amphibole (1%) + iron oxide (9-10%) + chlorite (410%) + epidote (1-5%) + quartz + sphene; and
Plagioclase (60%) + amphibole (18%) + iron oxide (6%) + chlorite (3%).
The dolerite dykes contain mainly subhedral to euhedral tabular albitized plagioclase
feldspar crystals occurring as both phenocrysts and in the groundmass. The albites
which are pseudomorph after more calcic plagioclases have a composition of An0.93An6.67 (see Table 4.1 and Fig. 4.2). Pyroxene in all the doleritic dykes consists of
euhedral to subhedral clinopyroxene crystals that range between 0.89 mm and 1.35 mm
in size. They show sector zoning and contain inclusions of titanomagnetite (e.g., H15;
Fig. 4.16A-B). The microprobe analyses of pyroxene, when plotted on the quadrilateral
Di-Hd-En-Fs classification diagram (Fig. 4.3), are classified as magnesian-augite
(Morimoto, 1988; Rock, 1990; Yavuz, 2001). The composition of these augite crystals
is Wo44-49En42-46Fs6-13 (H15, H28; Table 4.2). The Mg number is also high and is similar
to the volcanic rocks (usually ~0.73); this is consistent with pyroxene compositions in
other ophiolites and island arcs (De Bari and Coleman, 1989). The clinopyroxene is
often well preserved and shows optical features typical of Mg-rich augite but it may be
partially replaced by actinolite and/or chlorite in both large crystals and in the matrix
(Fig. 4.16A-B). All amphiboles in the doleric dykes appear to be secondary, replacing
primary pyroxene, and they are mostly of actinolitic composition. Two kinds of iron
oxides; Ti-magnetite and ilemenite, are found in the doleritic dykes. The chemical
compositions of the iron oxides when plotted on the Putnis (1992) diagram indicates
that it is Ti-magnetite with a high ulvöspinel component (Fig. 4.14 and Table 4.6),
characteristic of those from MORB (Frost and Lindsley, 1991). However, because the
analysed iron oxides fall clearly to the left of the magnetite-ulvöspinel join, it shows a
ferric iron content higher than fresh magnetite, and they are more accurately termed Timaghemites (Banerjee, 1991) , resulting from oxidation of Ti-magnetite at relatively low
temperatures (<300°-400°C). Secondary minerals include chlorite (brunsvigite), epidote,
zeolites, prehnite and clay minerals. The diorite dyke is fresher than all the dolerite
dykes. Subhedral to euhedral tabular plagioclase crystals have an oligoclase to albite
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composition An29.35-An1.84 (see Table 4.1 and Fig. 4.2). Textural evidence supports a
primary origin for the amphibole and it contains calcic-rich titanium, mostly kaersutite
with up to 5.31 wt% TiO2 (Table.4.3) discontinuously rimmed by a pale brown lower-Ti
tschermakite (3.94 wt% TiO2). Those crystals with lower TiO2 contents are free of Fe-Ti
oxide exsolution lamella (Fig. 4.16C), indicating that they were not produced by
subsolidus replacement of the higher-Ti amphiboles. Clinopyroxene mostly consists of
phenocrysts of augite composition which is similar to all other Hasanbag volcanic and
subvolcanic rocks. Magnetite, ilmenite, apatite, sphene and zircon are accessory
minerals.
4.3 Petrography of volcanic and subvolcanic of Walash-Naopurdan rocks
In order to make a detailed petrographic study of the Walash and Naopurdan volcanic
and subvolcanic rocks, the petrography of the Walash and Naopurdan volcanic and
subvolcanic rocks will be explained separately.
4.3.1 Petrography of Walash calc-alkaline volcanic and subvolcanic rocks at
Mawat
Eleven thin sections of samples from the Mawat volcanic succession (Figs 1.2 and 2.4)
were studied; they are mainly porphyritic fine- to medium-grained basalt. Pyroclastic
rocks are also present among the Mawat volcanic rocks. They exhibit generally massive
structures in the field (Fig. 4.17A). In hand specimen they are light to dark brown. Fresh
surfaces are characteristically dark grey to greenish grey in colour. The Mawat volcanic
rocks chiefly display different textures, such as porphyritic (Fig. 4.17B-C), microliteporphyritic, pilotaxitic (Fig. 4.17D) and amygdaloidal textures where calcite, quartz and
chlorite fill the amygdales (see Appendix A). The porphyritic texture is found in two
samples (M12 and M18) that show plagioclase and pyroxene phenocrysts. Fine-grained
plagioclase generally occurs in the groundmass as microlites and crystallites and
exhibits a pilotaxitic texture (Fig. 4.17D). A trachytic texture is observed in one sample
(Fig. 4.17E). Most of the pyroclastic rocks consist of plagioclase, alkali feldspar,
clinopyroxene, and sphene. Plagioclase appears as euhedral to subhedral laths or as
prismatic (Fig. 4.17B) or zoned crystals that are mostly altered to calcite, sericite or
epidote due to saussuritisation. The modal percentage of plagioclase ranges between
40% and 65% of the total rock volume with crystal sizes of 0.18 mm to 2.17 mm (see
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Appendices A and B ). Alkali feldspar is only found in the pyroclastic samples (e.g.,
M7, M5) forming 1-14% of the rock volume. Clinopyroxene (1-15%) occurs as anhedral
to suhedral crystals in both the matrix and as phenocrysts with average size of 0.7 mm.
They appear either as subhedral fresh grains showing two perfect sets of cleavage (Fig.
4.17F) or as anhedral crystals between the plagioclase laths (Fig. 4.17E). The
clinopyroxene is altered to chlorite and amphibole in some samples as a result of
uralitization. Quartz occurs as anhedral and subhedral crystals forming less than 10% of
the total rock volume. It also occurs as a late interstitial phase and/or cuts the rocks as
veins (Fig. 4.17 G). The iron oxide minerals, mainly magnetite and ilemenite, form 18% of the total rock volume, whereas pyrite is only observed in sample M18 (Fig.
4.17H). Sphene, apatite and zircon are conspicuous accessory minerals. Epidote is
uncommon in the Mawat samples. Where present, it occurs as fine grains in the matrix
as result of plagioclase alteration.
Veins of quartz and calcite cross-cut the Mawat volcanic rocks (Fig. 4.17I). Chlorite is
the most abundant secondary mineral that generally replaces the mafic minerals or
rarely the glass in the groundmass (Fig. 4.17J).
The primary mineral assemblage in the Mawat volcanic rocks is: calcic-plagioclase +
clinopyroxene + titaniferous opaque minerals. However, albite + amphibole + chlorite +
quartz ± epidote represents the main secondary mineral assemblage in the Mawat
volcanic rocks.
4.3.2. Petrography of Walash and Naopurdan volcanic rocks in the Leren section
It can be noted that both Walash and Naopurdan volcano-sedimentary rocks are exposed
in this area with the Walash thrust over Naopurdan rocks. Therefore, a comparison
between the petrography of the Walash and Naopurdan rocks is given for the Leren area.
Nineteen thin sections were examined under a petrographic microscope. The volcanic
rocks in this area have been sampled from the northwestern margin of Hasanbag
Mountain (Figs 1.3 and 4.18). The lavas in this section are not continuous, but rather
occur as tectonic melange in shear zones, intercalated with radiolarian chert, thin
limestone beds, metasedimentary, and volcanogenic sandstone, pyroclastic and
sedimentary breccia. Consequently, in this area two kind of volcanic rocks were found:
the Naopurdan island-arc tholeiites (Fig. 5.14), here given the symbol (Ln; Fig. 4.18)
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and the Walash calc-alkaline basalts (Fig. 5.14) with the symbol (Lw). Generally most
of the Leren volcanic rocks (Ln or Lw) occur as pillow lavas but some are flow lavas.
The average dimension of each pillow is 1-2 m long with a radius of 0.5-0.9 m (Fig.
4.19). Most of the pillows appear to have been greatly altered; this is probably due to
sub-seafloor metamorphism. These rocks are also cross-cut by veins consisting mainly
of quartz (Fig. 4.20), calcite, epidote and less common with zeolite (natrolite). In
addition, voluminous sedimentary and pyroclastic rocks are also present.
Megascopically and microscopically both types of Leren volcanic rocks show similar
properties, however, the Walash (Lw) series has a different parimary and secondary
mineral assemblage from the Naopurdan (Ln) series as will be explained later. Leren
volcanic rocks, in general, are metabasalts with some meta-basaltic andesites. The
volcanic rocks have a fine-grained texture with gray to greenish gray weathering colour.
Although the samples have suffered secondary, post-eruption processes, the rocks still
bear some of the primary textures and mineralogical characteristics of volcanic rocks.
Thus, the most pronounced textures in these rocks are amygdaloidal, porphyritic, microporphyric, vesicular (Fig. 4.21A) and seriate textures (Fig. 4.21B). Quartz; calcite,
epidote, chlorite and/or plagioclase fill the amygdales (Fig. 4.21C). The main mineral
assemblage in the Naopurdan volcanic rocks (Ln) is: clinopyroxene (2-10%),
plagioclase (8-66%), amphibole (actinolite- tremolite; 5-55%) epidote (1-5%), sphene
(1-2%), iron oxide (1-6%), quartz(1-8%) and chlorite(7-40%) while the Walash
volcanics (Lw) have nearly similar mineral ratios with less alteration to amphibole. The
main mineral species found in the latter are: plagioclase (37-40%), clinopyroxene (48%), amphibole (actinolite; 5-20%), alkali-feldspar (1-7%), sphene (1-3%), epidote (15%), iron oxide (<1%), and chlorite (pynochlorite) (25-27%; see Tables 4.1, 4.2 and 4.3
and Appendices A and B). In most of both the Walash and Naopurdan (Lw and Ln)
volcanic rocks most of the clinopyroxene phenocrysts are partially and/or totally altered
to amphibole (actinolite), chlorite, zeolite, epidote and iron oxides (Fig. 4.21D-E)
whereas in some of Walash (Lw) rocks the clinopyroxene crystals are fresh or slightly to
partially replaced by chlorite (Fig. 4.21F). The majority of the plagioclase laths, both
phenocrysts and matrix, are altered to albite.
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4.3.3 Petrography of Walash volcanic rocks in the Galalah-Choman area
Twenty thin sections from Galalah and 26 thin sections from Choman were studied
under a petrographic microscope (Fig. 1.3). The thin sections were made from basalts,
basaltic andesites and trachy-basalts from both the Galalah and Choman areas. The
weathering colour of Galalah samples is mostly gray to brownish gray while that of
Choman samples is brown. The textures encountered in both areas are: porphyritic,
amygdaloidal, microlite-porphyric, vesicular, trachytic and pilotaxitic textures (Fig.
4.22A-B). However, radiate, spherulitic and variolitic textures have only been seen in
the Galalah samples (Fig. 4.22C-E).
Volcanic rocks from the Galalah area are mainly layered; appear very fresh in the field
and exhibite in some basalts pillows with some pillow lavas. The rocks appear in thin
sections to be altered to sericite, chlorite, zeolite minerals (natrolite), calcite, iron oxides
and clay minerals, but a few phenocrysts of primary phases (i.e. plagioclase and
clinopyroxene) are set in a groundmass of feldspars and clinopyroxene. The mineral
assemblage in the Galalah rocks includes feldspars (both plagioclase

and alkali

feldspar) where the modal percentage of plagioclase ranges from 35% to 65%, while
that of alkali feldspar (anorthoclase) ranges from 0.5% to 4%). The modal percentages
of other minerals are as follows: clinopyroxene (1-20%), iron oxides (0.5-4%), chlorite
(5-35%), quartz (0.5-7%), sphene (0.5-1%), calcite (1.5-10%) and clay minerals (215%; Table 4.2 and Appendix B). Both amphibole and epidote are absent in the Galalah
samples. Calcite, chlorite and quartz fill the amygdales. The chlorites found in the
Galalah rocks are of brunsvigitic, diabunitic and pycnochloritic composition (Table
4.19). The vesicles are normally filled with calcite, followed by later fillings of quartz
precipitated from hydrothermal fluids of different composition and pH (sample Ga3;
Fig. 4.23A). Chlorite is the most important secondary mineral that has partially or
completely replaced the mafic minerals (the clinopyroxene phenocrysts and those in the
groundmass) as well as the glass in the groundmass; this is probably due to sub-seafloor
metamorphism (Fig. 4.23B). Veins of calcite, quartz and chlorite cross-cut the samples
as a result of late stage hydrothermal alteration.
In the field, the Choman volcanic rocks are all pillow lavas with thicknesses reaching
nearly 200 m in some areas. The pillows are about 2 m in length and 0.9 m in diameter.
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Tuff, volcanic breccia and ash are interlayered with the pillows. Under the microscope
an amygdaloidal texture is dominant in these rocks (Fig. 4.22A). Calcite, chlorite,
zeolite minerals (natrolite), quartz, epidote and iron oxides are the most common
minerals that fill the amygdales. Due to the extensive alteration of the primary igneous
mineralogy, the primary mineral assemblage that can be inferred from the thin sections
would mostly be: feldspar + pyroxene + olivine + iron oxides + sphene. The secondary
minerals that developed from later metamorphism of the rocks form the following
mineral assemblages:
(1) albite + chlorite + epidote + calcite + sphene; and
(2) albite + amphibole + epidote + biotite + quartz
These mineral assemblages indicate that the grade of metamorphism was in the
greenschist facies. Assemblage (1) appears to be dominant in the Choman volcanic
succession whereas, assemblage (2) was only observed in one sample (CH24). Most of
the feldspar (both K-feldspar and plagioclase) has been altered to white mica, clay
minerals, calcite (Fig. 4.23C). However, a few tabular fresh phenocrysts of both kinds of
feldspar can be seen (e.g., CH27, CH14; Fig. 4.23D). Pyroxene appears altered to
chlorite (three kinds of chlorite are observed in the Choman samples: penninite,
diabunite and pycnochlorite as shown by microprobe analyses; Table 4.19) or to
secondary amphibole in one sample (i.e. CH24; Fig. 4.23E). Olivine phenocrysts are
partially or completely replaced by carbonate, chlorite and zeolite minerals (Fig. 4.23FG).
In some Choman samples zoning of both calcite and iron oxide appear filling vugs (Fig.
4.23H) indicating early calcite growth in vugs followed by pulses of iron oxide and
calcite where the iron oxide grew on the calcite twin planes.
The Choman volcanic rocks show the effects of secondary processes (ocean-floor
metamorphism and hydrothermal alteration) more than all other volcanic sequences in
the study areas. Differences in the compositions of fluid phases and/or fluid flux during
these processes are evident in the Choman rocks, indicating two growth stages with
phases of different chemical compositions. This is optically detected where the
amygdales are filled with two types of chlorite (blue and brown; Fig. 4.23I). These
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could (1) be due to differences in chemical composition caused by different pulses of
hydrothermal fluids, or (2) represent different stages of crystallization, especially as the
chlorite forming the rim of the vugs shows fanning towards the core indicating growth
towards the inside of the vugs. In addition, secondary quartz crystals in vugs is found in
some of the Choman rocks (Fig. 4.23J). The variability in the mineralogy and the zoning
of the amygdale minerals indicate undoubtedly that the mineral assemblage produced by
sub-sea metamorphism was formed due to different pluses of fluid fluxes of variable
fH2O, fO2, and fCO2 fugacity (Carr et al., 1999) which, in turn reflect the different
physiochemical conditions that prevailed during each pulse. Late veins of quartz and
calcite cross-cut most of the Choman volcanic rocks (Fig. 4.23 K).

4.4 Petrography of the Naopurdan volcanic and subvolcanic rocks in QalanderSheikhan area
The petrography of the Naopurdan volcanic and subvolcanic rocks is described from the
Qalander and Sheikhan areas.
4.4.1 Petrography of the Naopurdan volcanic and subvolcanic rocks at Qalander
Sixteen thin sections were examined under a petrographic microscope (Fig. 1.3). The
extrusive rocks in the Qalander area are basalts, andesitic basalts and andesites. In the
field, more than 90% of the sequence occurs as pillow lava flows with different sized
pillows (Fig. 4.24A) whereas massive flows and pyroclastic rocks constitute only 10%
of the overall volcanic succession. Generally, the Qalander volcanic rocks show
greenish gray and brown weathering colours. Under the microscope they show
amygdaloidal, porphyic, seriate (Fig. 4.24B) and pilotaxitic textures. Epidote, calcite,
quartz and zeolite minerals (natrolite) fill the amygdales (Fig. 4.24C). Feldspar (both
plagioclase and alkali feldspar) are the dominant minerals as phenocrysts and in the
groundmass. Phenocrysts of plagioclase feldspar constitute 25% to75% of the modal
percentage of mineral species (see Appendices A and B), occurring as large tabular or
lath-shaped crystals. They are either found as fresh unaltered grains (An30.94%; see
Table 4.9) or they are partially altered to epidote, particularly in the matrix. Alkali
feldspar crystals are mostly fresh sanidine or anorthoclase and constitute 3% to 6% of
the modal percentage of mineral species (Appendix B and Table 4.9). Anhedral early
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fresh-looking clinopyroxene phenocrysts are recognized in a few Qalander samples
(e.g., Q17) and range in abundance between 1% and 15%. Most of the clinopyroxene
crystals are rimmed by chlorite (Fig. 4.24D) or are totally replaced by secondary
amphibole (actinolite; Fig. 4.24E). Amphiboles constitute 2% to 60% of the modal
percentage of mineral species. They replace clinopyroxene phenocrysts and the
groundmass (Fig. 4.24F). Iron oxides (0.5% to 4%) are found as fine-grained crystals
randomly scattered in the groundmass. When the Qalander Naopurdan samples are
compared with the studied Walash samples they maintain higher volumetric percentages
of epidote and quartz, reaching up to 10% and 24%, respectively (Fig. 4.24G). Vugs and
veins in the Qalander Naopurdan samples are normally filled by epidote, quartz, calcite
as well as zeolite minerals (Fig. 4.24C, H). In places epidote and quartz replace
plagioclase (Fig. 4.24I). Chlorite (4% to 35%) appears replacing mafic phenocrysts and
groundmass minerals as well as glassy patches in the groundmass. Two kinds of chlorite
have been encountered in the Qalander samples (Table 4.17). Late veins of quartz and
epidote cross-cut the rocks in this area.
Generally the primary mineral constituents are feldspar (plagioclase + alkali feldspar) +
clinopyroxene + iron oxides, whereas the secondary mineral assemblages are:
albite + actinolite + chlorite + epidote + quartz; and albite + actinolite + chlorite +
quartz.
4.4.2 Petrography of volcanic and subvolcanic rocks in the Sheikhan area
Thirteen thin sections were examined under a petrographic microscope (Fig. 1.3). The
lavas in the Sheikhan area are not continuous, but rather occur as tectonic slivers in
shear zones, intercalated with volcanogenic sandstones, conglomerates and breccias.
The volcanic rocks of the Sheikhan area range in composition from basaltic andesites to
andesites and dacites with a dominance of basaltic andesite. In the field the basaltic
andesites show a weathering colour of light brown to brown gray while the andesitic
rocks have a gray colour. Examination of the thin sections shows amygdaloidal,
porphyric, microlite-porphyric, trachytic (Fig. 4.25A), seriate and glomeroporphyritic
textures (see Appendix A).The amygdaloidal texture in the basaltic andesites is
dominant where calcite, epidote, quartz, chlorite and zeolite minerals (natrolite) fill the
amygdales (Fig. 4.25B). In some samples the vugs are only filled with calcite and
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quartz. This is probably due to different pulses of hydrothermal fluids of different
chemical compositions, where early calcite filling in the vugs has been followed by
replacement of calcite by quartz due to changing physical conditions such as a different
hydrothermal fluid with a pH < 7 (Carr et al., 1999; Fig. 4.25B). In addition, thin
hydrothermal veins made of quartz, epidote and sometimes zeolite minerals cross-cut
the rocks.
The primary mineralogy of the volcanic rocks is dominated by euhedral to subhedral
plagioclase (30-80%) and alkali feldspar (2-14%) with compositional zoning. They
occur as phenocrysts from 0.17-0.66 mm in size and/or as needles and blades in the
groundmass (see Appendix A). Clinopyroxene crystals occur in the groundmass and to a
lesser extent as single anhedral to euhedral phenocrysts or as aggregates (Fig. 4.25C)
showing sector zoning (Fig. 4.25D). The modal percentage of clinopyroxene ranges
from 1% to 14%. Complete or partial alteration of clinopyroxene to amphibole or
chlorite is widespread (Fig. 4.25E). Primary hornblende is only observed in sample
SH10 (Fig. 4.25F). Alteration is evident by the development of carbonate, quartz,
epidote and chlorite occurring as infillings of vesicles and, to a lesser extent, by microveining and partial replacement of plagioclase phenocrysts and groundmass.
The micro-porphyritic volcanic rocks have clusters of plagioclase and clinopyroxene
phenocrysts set in a microlitic groundmass with fine plagioclase needles and
clinopyroxene thus forming a glomeroporphyritic texture. Depending on modal
calculations, XRD and CIPW results (see Appendices D, E and F), quartz maintains
high percentages but, yet, it is less than that in the Qalander area and it is nearly similar
in amount to the clay minerals, iron oxides and chlorite. Moreover, the amount of
epidote is lower than that in the Qalander rocks (see Appendix B). Chloritisation of most
of the crystals in the matrix is observed and most of the feldspar in the lavas is albitised
and less commonly altered to epidote or clay minerals.
The original igneous mineral assemblages in the Sheikhan volcanic rocks are:
plagioclase + alkali feldspar + clinopyroxene + iron oxide + hornblende
Whereas the secondary mineral asssmblage is:
albite + actinolite + chlorite + quartz + epidote
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4.5 Mineral chemistry of Walash- Naopurdan volcanic and subvolcanic rocks
The primary mineral components and common secondary minerals were analysed for
both Walash and Naopurdan volcanic and subvolcanic rocks using the Cameca SX100
Electron Microprobe at Macquarie University. Thirty one different samples, nineteen
from Walash and twelve from Naopurdan rocks, were chosen for this analysis. During
the analyses, the focus was on the plagioclase and clinopyroxene, because they are
abundant in the present study samples. These analyses included the cores and rims of the
clear crystals, and sometimes small minerals that were scattered in the groundmass.
Generally, 228 spots were analysed for primary and secondary minerals in both Walash
(135spots) and Naopurdan (93 spots) volcanic and subvolcanic rocks to indentify the
chemical composition of these minerals. Representative analyses are given in Tables
4.10 to 4.25.
4.5.1 Feldspar (Plagioclase and K-feldspar)
Plagioclase is the most abundant mineral in the mafic and intermediate rocks. It occurs
both as phenocrysts and as microlites in the matrix. Fifty two points on Walash and 43
points on Naopurdan volcanic and subvolcanic plagioclase phenocryst cores and rims,
microphenocrysts and microlites were analysed and plotted on the ternary Ab-An-Or
classification diagram of Deer et al. (1966). Generally, the plagioclase is mostly albite
(Fig. 4.26 and Tables 4.7, 4.8 and 4.9) in composition for both Walash (excluding some
Mawat samples that show a more anorthitic composition than the alkaline Walash rocks
in the Galalah and Choman areas) and Naopurdan volcanic and subvolcanic rocks. The
average composition is An20.96 in the Mawat and Leren (Lw) calc-alkaline Walash
samples, An4.99 in the alkaline Galalah and Choman Walash samples and An2.5 in the
island-arc Naopurdan samples. Oligoclase is observed in the Galalah (GA20, An18),
Choman (CH3, An20), and Mawat (M12, M13, An13-36) Walash samples, whereas
andesine is observed in one Qalander sample (Q2, An31) and most Mawat samples
(M18, M13, M7, M11, An31-50). In addition, primary plagioclase composition was only
detected in Walash volcanic rocks in the Mawat area with (M11, An55-73). The
plagioclase phenocrysts are mostly altered to sericite, clay, saussuritic minerals, calcite
and/or prehnite. However, the alteration effects are different between the Walash and
Naopurdan samples, for example, in the Walash volcanic and subvolcanic rocks
plagioclase is mainly altered to sericite, clay minerals, calcite, chlorite, zeolites and
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epidote, whereas zeolites, calcite and epidote are the main minerals that replace
plagioclase in the Naopurdan volcanic and subvolcanic rocks. The electron microprobe
analyses show that alkali feldspar exists in some of the Walash and Naopurdan volcanic
rocks with both sanidine and anorthoclase compositions. However, due to the severe
alteration of the volcanic rocks at Choman and Leren it is hard to distinguish any kind of
alkali feldspar under the microscope, as mentioned in the petrographic description. The
chemical compositions of sanidine and anorthoclase in the Walash alkaline and calcalkaline samples are Or13.02-13.2 and Or14.63-99.05, respectively, while the Naopurdan
samples are Or10.75-97.73. According to Ewart et al. (1977) andesitic rocks contain
sanidine, which is the case in most of the Walash and Naopurdan andesites (e.g. Q13
and SH8, Table 4.9).
4.5.2 Clinopyroxene
Clinopyroxene is a common phenocryst phase in the Walash-Naopurdan volcanic and
subvolcanic rocks, although it is less abundant than plagioclase phenocrysts. Generally,
some clinopyroxene crystals have been replaced by chlorite in Walash volcanic and
subvolcanic rocks, whereas they are mostly replaced by secondary amphiboles
(actinolite) in the Naopurdan volcanic rocks. Clinopyroxene phenocrysts and
microphenocrysts from both Walash (26 points, including 17 for calc-alkaline and 9 for
alkaline samples) and Naopurdan (18 points) samples were analysed and plotted on the
quadrilateral classification diagram Di-Hd-En-Fs (Morimoto, 1988). Most of the
clinopyroxene is augite apart from two crystals of diopsidic composition in a Mawat
Walash sample (M12) and one iron-rich clinopyroxene (hedenbergite) in the Galalah
Walash sample (Ga20; Fig. 4.27). Major element compositions of the Walash volcanic
(Galalah-Choman) rocks are: SiO2 = 49.12-50.87 wt%; TiO2 = 0.78-4.17 wt%; Al2O3 =
1.3-8.67 wt%; Na2O = 0.28-1.01 wt%; CaO = 18.93-22.13 wt%; MgO = 10.5815.85 wt%; FeO = 6.35-15.18 wt%; Mg# = 0.51-0.82 (see Table 4.10) while in the
Walash (Leren and Mawat) rocks are: SiO2 = 45.78-52.68 wt%; TiO2 = 0.49-2.69 wt%;
Al2O3 = 1.4-6.49 wt%; Na2O = 0.24-0.54 wt%; CaO = 18.87-21.79 wt%; MgO = 10.3517.51 wt%; FeO = 5.3-15.36 wt%; Mg# = 0.56-0.85(see Table 4.11). In the Naopurdan
(Qalander, Sheikhan and Leren) rocks the composition is: SiO2 = 46.32-53.4 wt%; TiO2
= 0.04-1.40 wt%; Al2O3 = 1.28-4.54 wt%; Na2O = 0.04-1.2 wt%; CaO = 11.6721.7 wt%; MgO = 7.69-19.01 wt%; FeO = 5.33-24.2 wt%; Mg# = 0.36-0.86 (see Table
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4.12). Furthermore, the average compositions of augite in the Walash alkaline and calcalkaline rocks are Wo45En39Fs16 and Wo44En41Fs15, respectively, while the average
composition of augite in the Naopurdan island-arc volcanic and subvolcanic rocks is
Wo40 En45Fs15 (see Tables 4.10, 4.11 and 4.12). It can be said that augite composition in
the Walash samples has higher Ca, Ti and Na and lower Fe than in the Naopurdan
samples.
When cooling increases or the residual components decrease normal zoning occurs,
whereas reverse zoning forms if cooling decreases or residual components adjacent to
the crystal face increase (Shelley, 1993). Both reverse and normal zoning are observed
in clinopyroxene phenocrysts in both the Walash and Naopurdan samples. Reverse
zoning, however, connotes the transition, generally abrupt, to a higher temperature outer
zone in the pyroxene crystal. This is the result of a multi stage cooling history.
Clinopyroxene in the Naopurdan island-arc volcanic rocks has lower Fe (FeO average
10.29%) and higher Mg-numbers (average 0.70, see Table 4.12) than the Walash
samples which suggests that the mineral crystallized from a more primitive magma
compared to both the Walash calc-alkaline and alkaline volcanic rocks. The
compositional trend for both Walash and Naopurdan clinopyroxenes towards
hedenbergite (Fig. 4.27) rather than aegirine is probably due to crystallization of the
residual melts under conditions of lower oxygen fugacity than those pertaining during
crystallization of the primary magma.
According to Johnson et al. (1985), the estimated pressure for both Walash and
Naopurdan clinopyroxene is located below the low pressure line (Fig. 4.28).
Vieten (1980) provided a binary diagram Fe2+ + Si4+ vs Fe3+ + AlIV to find the ratio of
fO2 during crystallization. Depending on this diagram, the Walash clinopyroxene shows
higher fO2 existed than that for the Naopurdan clinopyroxene during the late stage of
crystallization (Fig. 4.29).
Soesoo (1997) calculated pressure-temperature crystallization conditions for pyroxenes
using a statistical multivariate method. Depending on this diagram most of the Walash
and Naopurdan clinopyroxenes formed between 1200ºC-1100ºC and 2-5 kb pressure
(Fig. 4.30). However, this result depends on only some of the samples and it could not
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give the real pressure-temperature conditions for the studied samples. In addition, the
absence of primary hornblende in the Naopurdan samples may suggest that
crystallization took place under conditions of lower H2O content (see the amphibole
section for more information). The wide pressure variation (i.e. 2-5 kb) is presumably
attributed to the pyroxene phenocrysts present in these rocks representing quench
crystals preserving the early relatively high crystallization pressure. Moreover, all
basaltic samples in both the Walash and Naopurdan units are hypersthene-normative
(with the exception of three Walash samples), implying that the magmas resulted from
larger amounts of melting at low pressures for the Naopurdan (higher value of
hypersthene-normative than Walash) unit and less melting at higher pressures for the
Walash unit (cf. Alpaslan, 2007; see Appendices E and F).
The relationships among total Al3+, Si4+ and Ti4+ in the analysed clinopyroxene crystals
demonstrate that the available Al is more than enough to compensate for both the Si
deficiency in the tetrahedral site (i.e., Al > 2Si) and the Ti in the octahedral site (i.e.,
Al:Ti ≥ 6:1; Figs 4.3 1 and 4.32). This involves the essential role of the Tschermak’s
component (CaR3+R3+SiO6), especially, the CaAlAlSiO6 component, in the composition
of the Walash and Naopurdan clinopyroxenes and a sparse role of the acmite component
(NaFe3+Si2O6; D’Antonio et al., 2005). Moreover, the Naopurdan samples have a low
Na content (<0.03 atoms per formula unit [a.p.f.u.]) and a low Ti content (<0.05 a.p.f.u.)
compared to the Walash samples. These chemical characteristics, along with the trend of
increasing content of Fs as Wo components decrease, are typical of clinopyroxene from
tholeiitic basalts (Beccaluva et al., 1989). Thus, they confirm that the Naopurdan
volcanic and subvolcanic rocks are typical island-arc tholeiite.
4.5.3 Amphibole
Amphibole minerals are present in both the Walash and Naopurdan samples as
phenocrysts and tiny crystals in the groundmass. The analytical results were plotted on a
diagram from Leake et al. (1997) and Yavaz (1999) in order to determine and identify
the amphibole types, after calculating their formulae on the basis of 23 oxygens (Tables
4.13 and 4.14 and Fig. 4.33). The Walash amphiboles are magnesiohornblendes and
ferropargasites (i.e. CH24, M7and M9) while the Naopurdan samples have both primary
and secondary amphiboles. The primary amphibole is magnesiohornblende in the
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volcanic sample (SH10) while the secondary amphibole in the Naopurdan subvolcanic
rocks altered into relatively Ti-poor actinolite and ilmenite (e.g. SH13). The difference
in colour between the rim and core may suggest that the Ti in the hornblende is buffered
by the presence of ilmenite-magnetite (Hynes, 1982).
All amphibole minerals in both the Walash and Naopurdan samples are calcic with
(Ca+Na) > 1.73 and they have typically low values of Al (except M9 where Al2O3 =
29.56 wt %) and comparatively high Mg# of 0.62 and 0.79 for Walash and Naopurdan
samples, respectively. The average content of Na2O is higher than K2O in both the
Walash and Naopurdan samples (see Tables 4.13 and 4.14). In addition, the average
content of SiO2 in the Walash samples is 46.12 wt% which is lower than in the
Naopurdan samples (51.85 wt %). The CaO values do not show important variation
from andesites to basalts in either the Walash or Naopurdan samples. However, high
values of CaO are found in trachy-basalt (CH24) in the alkaline Walash volcanic rocks.
TiO2 and Cr2O3 contents in amphiboles in the Walash samples are higher than in the
Naopurdan samples and the TiO2 and Cr2O3 contents in amphiboles in the alkali Walash
samples is higher than in the calc-alkaline Walash samples.
The low Al value of amphibole in the Naopurdan samples involves low-pressure
conditions (2.6-3.5 kbar, Anderson and Smith, 1995) for amphibole crystallization.
Furthermore, it can be seen that most Al occurs as AlIV in both the Walash and
Naopurdan samples which reflects a high temperature of crystallization (Bonev and
Stampfli, 2009).
The higher Ti content in amphiboles in the Walash samples compared with the
Naopurdan samples (referred to as magnesiohornblende) seem to indicate relicts of a
magmatic protolith. Generally, kaersutites are commonly present as a primary phase in
both alkaline and subalkaline rocks (e.g. Best, 1970; Wilkinson, 1974; Martin, 2007).
However, their formation should be favoured in bulk melt compositions rich in Ca, Al
and Ti. Experimental studies of basic compositions in the presence of water have shown
that amphibole may be stable at low to high pressures, both in subsolidus assemblages
and coexisting with the melt (Fig. 4.34A). In addition, based on primary hornblende
thermo-barometry (e.g. SH10, Naopurdan volcanic rock), the water content of SH10
was determined to be >6%. The excess H2O, however, causes a lower appearance for
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temperatures of crystalline silicate minerals. Therefore, the Naopurdan rocks of andesite
composition (typically <62% SiO2) is associated with an evolved hydrous andesite
magma which has a low liquids temperatures (750°C). Furthermore, rocks having 6% or
more water content while in the liquid state at low crustal pressures (< 100 Mpa)
indicate that they formed through simple crystallization differentiation of mantlederived hydrous primary andesite (Figs 4.32F and 4.34B-D).
Ernst and Liu (1998) compiled a pressure-temperature (P-T) scheme based on the Al2O3
and TiO2 contents in amphiboles. This scheme can be used for metabasaltic assemblages
containing coexisting Al-rich (e.g., plagioclase, epidote and garnet) and Ti-rich (e.g.,
ilmenite, titanite, rutile) phases, that closely approached chemical equilibrium under
crustal or uppermost mantle conditions. It should be also applicable, with caution, to
inhomogeneous specimens. Al increases with both P and T, but also compositional
variations (high proportions of melt) seem to influence partitioning of Al2O3 in Caamphibole. TiO2 content correlates positively with temperature and can be used as a
geothermometer above 500°C, where solubility of Ti in calcic amphibole becomes
substantial. The amphibole can be divided into two groups (i.e. medium temperature
amphibole in the Walash samples and low-temperature amphibole in the Naopurdan
samples (see Fig. 4.35).
4. 5.4 Chlorite
Chlorite is a common mineral in both the Walash and Naopurdan volcanic and
subvolcanic rocks. It occurs in many forms, such as interstitial flakes, patches, zones or
as larger pods probably replacing phenocrysts of clinopyroxene or devitrified glass
patches (glass changing into chlorite) in the groundmass. This is due to either (1)
metamorphism caused by heat from supra-subduction conditions, or (2) metamorphism
due to accretion, or (3) subsea metamorphism of Walash rocks before Naopurdan
formation. Chlorite also appears as an outer rim in amygdale infillings. Moreover,
sometimes two kinds of chlorite fill the vug as mentioned in the petrographic
description. This is clear in Choman alkaline Walash sample Ch3 where two types of
chlorite can be recognized with two different colours; brown pycnochlorite in the core
and blue diabantite in the rim (Fig. 4.23I). Twenty four spots of Walash (7 Mawat and
17 Galalah-Choman samples) and 6 spots of Naopurdan volcanic and subvolcanic rocks
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were analysed and their formulae were calculated on the basis of 28 oxygens (Tables
4.15, 4.16 and 4.17). Depending on the chlorite nomenclature diagrams of Hey (1954)
and Deer et al. (1966, see Fig. 4.36) several different kinds of chlorite were observed in
both the Walash and Naopurdan volcanic and subvolcanic rocks. For example, only
diabantite is found in the Walash calc-alkaline volcanic samples and brunsvigite is also
found in one Walash calc-alkaline subvolcanic rock (M9), while four types of chlorite
minerals are found in the Walash alkaline volcanic rocks - pycnochlorite; diabantite;
penninite and brunsvigite. Walash alkaline samples underwent a retrograde overprint,
leading to the formation of chlorite at the expense of primary amphibole. Pycnochlorite
is the main chlorite type represented in the Naopurdan samples. In addition diabantite is
just found in sample Q2.
4.5.5 Epidote
An

epidote-group

mineral

is

described

with

the

generic

formula

A2M3

[T2O7][TO4](O,F)(OH,O). The monoclinic crystal structure is composed of T2O7
(usually Si2O7) and TO4 (usually SiO4) units linked to two kinds of chains (parallel to
the b-axis) built by edge-sharing octahedra (Fig. 4.37). One chain consists of M2
octahedra while the other chain is formed by M1 octahedra with M3 octahedra attached
on alternate sides along its length. M octahedra are mainly occupied by trivalent ions
such as Al, Fe3+, Mn3+, Cr3+ and V3+. Divalent cations (e.g., Mg, Fe2+, Mn2+) may
occupy M sites (preferentially M3) if various heterovalent substitutions come into play.
M2 has a strong preference for Al whereas the occupancy of M1 and M3 depends on
competing ions. Usually an OH group is bonded to the M2 cation. The overall structural
arrangement gives rise to two types of cavities, a smaller one named A1, usually
occupied by Ca or Mn2+ and a larger one named A2, usually occupied by Ca, Sr, Pb and
REE (see Armbrusterl et al., 2006).
Based on the nomenclature of epidote-group minerals which was recently recommended
by Armbrusterl et al. (2006), 14 representative analyses from both Walash (4 spots) and
Naopurdan (10 spots) minerals were calculated on basis of 12.5 oxygen (Tables 4.18
and 4.19). They show [M2+]A2 > 0.50, [M3+]M3 > 0.50 and, therefore, all samples
belong to the clinozoisite subgroup. Members of this subgroup are derived from the
mineral clinozoisite Ca2Al3 [Si2O7][SiO4]O(OH) solely by homovalent substitutions.
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The key cation and anion sites are A1 = M2+, A2 = M2+, M1 = M3+, M2 = M3+, M3 =
M3+, O4 = O2-, O10 = (OH)-. In other words, the dominant valence as listed above must
be maintained.
Clinozoisite subgroup
Name

A1

A2
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Ca

Al

Al

Al

O

OH

Epidote
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Ca

Al

Al

Fe+3

O

OH

Ferriepidote Ca

Ca

Fe+3

Al

Fe+3

O

OH

Deer et al. (1997) stated “There is no universally accepted nomenclature of the
monoclinic Fe-Al members of the epidote group. For the more iron-rich, optically
negative members, the name pistacite is used by some authors; the majority, however,
describe those members with between 15 and 33 mol. % as epidote.” Therefore, the
Walash and Naopurdan minerals which have 19 to 32 mol. % and 21 to 30 mol. %
Ca2Fe3Si3O12(OH), respectively, are considered here to be epidote (Fig. 4.38). However,
two epidote analyses from a Walash calc-alkaline sample (M9) show iron-free contents
which belong to clinozoisite (see Fig. 4.45 and Tables 4.18 and 4.19).
4.5.6 Opaque minerals
The mineral chemistry of 26 spots (18 calc-alkaline and 8 alkaline) from 12 samples of
Walash volcanic and subvolcanic rocks and 10 spots from 6 samples of Naopurdan
volcanic and subvolcanic rocks were analyzed and the formulae were calculated on the
basis of 32 oxygens (see Tables 4.20, 4.21 and 4.22, and Figures 4.39, 4.40 and 4.41).
They were plotted on Putnis’ (1992) diagram. This showed different types of iron oxides
namely (magnetite, hematite, ilmenite and pyrite). The identification was also
determined from X-ray diffraction.
According to the diagram Putnis‘(1992), most of the Walash and Naopurdan opaque
minerals are located between the titanohematite (α-series [Fe (Fe+3,Ti)O3]) and
titanomagnetite (β-series [Fe2(Fe+3,Ti)O4]) lines which is called the (γ-series) and
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represents maghemite series. This composition is due to the superimposed conditions
that prevailed during the secondary alteration processes involving both ocean-floor
metamorphism and subsequent hydrothermal alteration associated with arc-thickening.
The post-magmatic sub -sea metamorphism is clearly evident by the extensive alteration
of plagioclase to albite. In addition, the majority of the Naopurdan and alkaline Walash
samples plotted close to magnetite (Fe3O4), while most of the Walash calc-alkaline
samples plotted near ulvospinel (Fe2TiO4) which is characteristic of opaque minerals
from MORB (Forst and Lindsley, 1991; see Fig. 4.40). However, because the majority
of analyzed iron oxides fall distinctly to the right of the magnetite-ulvöspinel join, they
show a ferric iron content higher than fresh magnetite and they are more accurately Timaghemites (Banerjee, 1991), resulting from oxidation of Ti-magnetite at relatively low
temperatures (<300°-400°C). Moreover, ilmenite is only found in Walash calc-alkaline
samples (L13, M9 and M7, see Fig. 4.42). These findings confirm the results of a
previous study by Buda et al. (1978), who found that iron oxides in the Walash and
Naopurdan rocks have a composition between magnetite and ilmenite. The volume
percentage of opaque minerals is variable between the Walash and Naopurdan units and
from one area to another. For example, the highest percentage is within Walash samples
from the Choman and Mawat areas (it reaches up to 10% and 8% of total rock,
respectively, see Table 4.2 and Appendices B and C), as stated in the petrographic
description and geochemical data (see Chapter Five), while it ranges from 1% to 4% in
all other areas. The majority of iron oxides are secondary as a result of mafic mineral
alteration (generally clinopyroxene and amphibole) and occasionally they grow on
clinopyroxene crystals (Fig. 4.43) or in the matrix with sphene (Fig. 4.44) and/or along
plagioclase cleavage (Fig. 4.45). Typical pyrite is only found in one Walash calcalkaline sample (M18; Fig. 4.17H).
4.5.7 Other minerals (titanite, quartz, apatite, carbonates, clay minerals, sericite
and zeolite)
Titanite is found in both the Walash and Naopurdan samples. In Walash alkaline and
calc-alkaline samples it is found as aggregates of fine brown grains in the matrix. Also it
is found as anherdal to subherdal crystals probably replacing primary titanomagnetite in
both the Walash and Naopurdan samples (L13, M7, M14 and L9, see Fig. 4.44).
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Quartz is a common secondary mineral in both the Walash and Naopurdan samples
however, the quantity varies between the Walash and Naopurdan volcanic and
subvolcanic rocks. Naopurdan samples contain more quartz than Walash samples. The
highest percentages are thus in Qalander (3-26%) and Sheikhan Naopurdan samples (216%; Appendix B). Quartz occurs in vesicles (recrystallised quartz in a vug in Ch27),
amygdales (L2, Sh2), and veins (M2, Q9, Sh4, L2, and M13) and/or occasionally as fine
grains in the matrix.
Calcite is a common alteration mineral in both the Walash and Naopurdan volcanic and
subvolcanic rocks. It ocuurs as coarse-grained, granoblstic aggregates in amygdales and
veins (Q3, Ch1, Sh2, M13, and L2), and sometimes as a partial or complete replacement
of plagioclase, pyroxene and/or olivine in most of the alkaline Walash samples (e.g.,
Ch6). In addition, in some alkaline Walash samples magnesite also replaces olivine
(e.g., Ch7b). The highest volumetric percentage of calcite is found in the Choman
alkaline Walash volcanic rocks (4-25%), which indicates the high degree of alteration in
these samples (Appendix B). Apatite is only observed in one subvolcanic Walash calcalkaline rock as tiny grains inside the feldspar (e.g. M14, see Fig. 4.44 and Appendix C).
According to the X-ray diffraction (XRD) results (see Appendix D), the most common
clay mineral in both Walash and Naopurdan samples is kaolinite. It is mostly associated
with zeolite minerals (natrolite). Volumetrically clay minerals range from 2% to 15% in
the Walash samples and 1% to 15% in the Naopurdan samples. Kaolinite commonly
forms by the in situ decomposition of rocks containing feldspar. Since, the majority of
Walash and Naopurdan rocks are basalts and andesites containing feldspar minerals,
therefore, any physiochemical changes will lead to the production of clay minerals and
zeolites.
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Figure 4.1 Photomicrographs of Hasanbag volcanic and subvolcanic rocks.
(A) Amygdaloidal texture shows amygdales filled with chlorite, epidote and
sometimes with quartz; cross-polarized light (XPL); sample H11.
(B) Glomeroporphyritic texture consists of clusters of phenocrysts of feldspar and
clinopyroxene set in fine-grained groundmass which consists mostly of
clinopyroxene and feldspar; XPL; sample H5.
(C) Decussate texture shows crystals have no preferred orientation, but have grown
in a random arrangement; XPL; sample H23.
(D) Ophitic texture, the large grain of clinopyroxene is completely surrounded by
plagioclase grains; XPL; sample H5.
(E) Aphyric texture, fine-grained or aphanitic texture lacking phenocrysts; XPL;
sample H22.
(F) Kaersutite (Ke) phenocrysts in andesitic rocks, plane-polarized light (PPL);
sample H23.
(G) Clinopyroxene (cpx) partially altered to chlorite; XPL; sample Hc.
(H) Clinopyroxene phenocrysts show rectangular prismatic shapes; with sector
(hour-glass) zoning; XPL, sample H24.
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Figure 4.1continued
(I) Backscatter image (BSE) of sector zoning in clinopyroxene phenocrysts, sample
H24.
(J) Euhedral eight-sided clinopyroxene crystals; XPL; sample H8.
(K) Biotite replaced clinopyroxene in the matrix; XPL; sample H26.
(L) Fe-Ti oxides have mostly been replaced by sphene; XPL; H19.
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Figure 4.2 Classification of feldspars in Hasanbag rocks on a ternary An-Ab-Or (after Deer et al., 1966).

Figure 4.3 Clinopyroxene classification diagram (Morimoto, 1988) for the Hasanbag volcanic and
subvolcanic rocks.
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Figure 4.4 The En-Di-Hd-Fs pyroxene quadrahedral represents the clinopyroxene evolution trend
). This diagram shows how the mineral chemistry reflects the clinopyroxene crystallization
(
conditions. It can be noted that all the analyses are located in the low pressure field with some close to the
low pressure line of Johnson et al. (1985).

Figure 4.5 Calculated pressure-temperature crystallization conditions for pyroxenes from both the
Hasanbag volcanic and subvolcanic rocks based on the statistical multivariate calculations of Soesoo
(1997).
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Figure 4.6 Altot - Si4+ and (b) Altot - Ti4+ relationships for the Hasanbag clinopyroxene (cpx), data from
Table 4.5 (after D’Antonio and Kristensen, 2005).

Figure 4.7 Altot - Ti4+ relationships for the Hasanbag clinopyroxene (cpx), data from Table 4.5 (after
D’Antonio and Kristensen, 2005).
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Figure 4.8 Fe2+ + Si4+ vs Fe3+ + Al IV relationships for the Hasanbag clinopyroxene (cpx) showing the
increasing fO2 during the late stage of crystallization. Data from Table 4.5, the analyses with anomalous
chemistry have been excluded. a.p.f.u. = atoms per formula unit (after D’Antonio and Kristensen, 2005).

Figure 4.9 Amphibole classification diagram (after Yavuz, 1999) for the Hasanbag volcanic and
subvolcanic (dyke) rocks.
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Figure 4.10 P-T diagrams (A) show correlation of Aliv and TiO2 contents of amphibole in the Hasanbag
rocks (after Ernst and Liu, 1998), (B) shows the stability limits of amphiboles in basalt-rhyolite calcalkaline magmas. This can be used to conduct a rough evaluation of the equilibrium of amphibole with
other phases (after Ridolfi et al., 2010), (C) and (D) show the NNO and NNO +2 curves (from O’Neill
and Pownceby, 1993).
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Figure 4.10 P-T diagrams
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Figure 4.11 Isopleths of Al2O3 and TiO2 in weight percent of amphibole in the Hasanbag rocks (after
Ernst and Liu, 1998).

Figure 4.12 Chlorite classification diagram (after Hey, 1954) for the Hasanbag samples.
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Figure 4.13 Nomenclature of the monoclinic Fe-Al members of the epidote group depends on pistacite
(after Armbrusterl et al., 2006) for the Hasanbag volcanic and subvolcanic rocks shows all samples are
epidote.

Figure 4.14 Fe-Ti oxide composition plot (after Putnis, 1992) of the Hasanbag volcanic and subvolcanic
rocks
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Figure 4.15 Field photos of dolerite dykes (A), and diorite dykes (B) cut the volcanic rocks in the
Hasanbag area.
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Figure 4.16 Photomicrographs of Hasanbag subvolcanic rocks (dykes).
(A) Actinolite and iron oxide replaced clinopyroxene in Hasanbag dykes (sample
H15); PPL.
(B) BSE actinolite and iron oxide replaced clinopyroxene for same sample H15.
(C) Primary amphibole with calcic-rich titanium mostly kaersutite/magnesiohastingsite or tschermakite in diorite dyke sample H20, XPL.
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Figure 4.17 Field photo and photomicrographs of Walash volcanic and subvolcanic rocks in the
Mawat province.
(A) Pyroclastic rocks exhibit generally massive structures in the field.
(B) Porphyritic texture in Mawat rocks, the large grain of plagioclase (Pl) and
clinopyroxene (Cpx) in fine-grained groundmass; XPL; sample M12.
(C) Porphyritic texture in Mawat rocks, the large grain of plagioclase (Pl) and
clinopyroxene (Cpx) in fine-grained groundmass; XPL; sample M18.
(D) Pilotaxitic texture shows fine-grained plagioclase generally occurs in the groundmass
as microlites and crystallites; XPL; sample M2.
(E) Trachytic texture wherein plagioclase grains show a preferred orientation; XPL; sample
M1.
(F) Subhedral fresh clinopyroxene grains showing two perfect sets of cleavage; XPL; M7.
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Figure 4.17 continued
(G) Vein of quartz cuts the Mawat volcanic rocks; XPL; sample M2.
(H) Pyrite in sample M18, XPL.
(I) Vein of calcite and quartz cross-cuts the Mawat volcanic rocks; XPL; sample
M13.
(J) Chlorite replaced the glass in the matrix; PPL; sample M12.
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Figure 4.21 Photomicrographs of Walash calc-alkaline (Lw) samples and Naopurdan island-arc
tholeiite (Ln) samples in the Leren area province.
(A) Vesicular texture shows that the rock contains numerous holes that were once occupied
by a gas phase; XPL; sample Ln21.
(B) Seriate texture shows the variation in grain size of plagioclase and clinopyroxene; XPL;
sample Lw13.
(C) Amygdaloidal texture shows that quartz and calcite minerals occur in amygdales; XPL;
sample Ln2.
(D) Clinopyroxene grains are altered to actinolite in Naopurdan samples; XPL; sample
Ln12.
(E) Clinopyroxene in the matrix altered to iron oxide, epidote and calcite in Naopurdan
samples; XPL; sample L5.
(F) Clinopyroxene grains are fresh and/or partially replaced by chlorite in Walash samples;
XPL; L14.
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Figure 4.22 Photomicrographs and field photos of Walash alkaline samples in the GalalahChoman area.
(A) Amygdaloidal texture in Choman volcanic rocks, sample Ch1; XPL.
(B) Vesicular texture in basaltic rocks, sample Ch19.
(C) Radiate texture in Galalah samples (Ga20); XPL.
(D) Spherulitic texture, radial aggregates of acicular or fibrous plagioclase (Pl)
crystals and the space between the individual PI crystals filled with
clinopyroxene; XPL; sample Ga20.
(E) Variolitic texture, different plagioclase micro-laths crystals are distributed in the
groundmass; XPL; sample Ga17.
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Figure 4.23 Photomicrographs of Walash alkaline samples in the Galalah-Choman area.
(A) Calcite and quartz fill vesicles in Galalah samples (ga3); XPL.
(B) Chlorite replaced the glass in Galalah samples (ga8); XPL.
(C) Pseudomorphs of plagioclase and olivine in Choman samples, as clay and white
mica replaced plagioclase and chlorite replaced olivine; PPL; Ch7.
(D) Some of fresh alkali feldspar (AF) grains in Choman samples; XPL; Ch14.
(E) Secondary amphibole grains in one of the Choman samples (Ch24), XPL.
(F) Pseudomorphs of olivine in Choman volcanic rocks (Ch7b), show
partialreplacement by magnesite; XPL.
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Figure 4.23 continued
(G) Pseudomorphs of olivine in Choman volcanic rocks (Ch6) which is completely
replaced by carbonate; XPL.
(H) Zoning of both calcite and iron oxide appear filling vugs in Choman samples
(Ch22); XPL.
(I) Two types of chlorite fill a vug in Choman sample (Ch3); XPL.
(J) Recrystallization of quartz in vug of a Choman sample (ch27); XPL.
(K) Late veins of quartz cross-cut most of Choman samples (ch28).
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Figure 4.24 Photomicrographs and field photos of Naopurdan island-arc tholeiite
samples in the Qalander area.
(A) Typical pillow lavas in the Qalander area.
(B) Seriate texture in Qalander sample (Q6); XPL.
(C) Epidote and calcite fill amygdales in Q6; XPL.
(D) Clinopyroxene grain showing the rim replaced by chlorite; sample Q3; XPL.
(E) Clinopyroxene grain are totally replaced by secondary amphibole (actinolite
and/or tremolite); sample Q1; XPL.
(F) Amphiboles appear replacing clinopyroxene in both phenocrysts and the matrix
in one of the Naopurdan dykes (Qsst), XPL.
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Figure 4.24 continued
(G) High ratios of epidote in Qalander sample (Q2), XPL.
(H) Vein of epidote and quartz in Qalander sample (Q9), XPL.
(I) Plagioclase grains are partially altered to epidote; Q7; XPL.
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Figure 4.25 Photomicrographs of Naopurdan island-arc tholeiite samples in the Sheikhan area.
(A) Trachytic texture in a Sheikhan volcanic rock (Sh3), XPL.
(B) Chlorite, quartz and calcite fill amygdales in sample (Sh2), XPL.
(C) Euhedral phenocrysts of clinopyroxene in sample Sh4, XPL.
(D) Clinopyroxene crystals showing sector zoning, sample Sh8, XPL.
(E) Actinolite and epidote are replaced clinopyroxene and plagioclase in sample Sh10,
XPL.
(F) Primary amphibole in sample Sh10, XPL.
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Figure 4.26 Classification of feldspars in the Walash and Naopurdan rocks on a ternary An-AbOr diagram (after Deer et al., 1966).
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Figure 4.27 Clinopyroxene classification diagram (after Morimoto, 1988) of the (A) Walash
volcanic and subvolcanic rocks from the Galalah-Choman area; (B) Walash volcanic and
subvolcanic rocks from the Mawat and Leren areas; and (C) Naopurdan volcanic and
subvolcanic rocks from the Qalander, Shekan and Leren areas.
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Figure 4.28 The En-Di-Hd-Fs pyroxene quadrahedral represents the clinopyroxene evolution
trend (
). This diagram shows how the mineral chemistry reflects the clinopyroxene
crystallization conditions. It can be noted that all the analyses are located in the low pressure
field with some close to the low pressure line of Johnson et al. (1985). (A) Walash rocks in
Galalah-Choman; (B) Walash rocks in Mawat and Leren; and (C) Naopurdan rocks.
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Figure 4.29 Fe2+ + Si4+ vs Fe3++ AlIV relationships for the Walash (A) and Naopurdan
clinopyroxene showing the increased fO2 during the late stage of crystallization. Data from
Table 4.5, the analyses with anomalous chemistry have been excluded. a.p.f.u. = atoms per
formula unit (after Vieten, 1980).
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Figure 4.30 Calculated pressure-temperature crystallization conditions for pyroxenes for both
(A) the Walash samples, and (B) the Naopurdan samples based on the statistical multivariate
calculations of Soesoo (1997).
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Figure 4.31 (A) Altot vs Si4+ and (B) Altot vs Ti4+ relationships for Walash clinopyroxene, data
from Table 4.5 (after D’Antonio and Kristensen, 2005).

Figure 4.32 (A) Altot vs Si4+ and (B) Altot vs Ti4+ relationships for Naopurdan clinopyroxene,
data from Table 4.5 (after D’Antonio and Kristensen, 2005).
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Figure 4.33 Amphibole classification diagram (after Yavuz, 1999) for Walash and Naopurdan
volcanic and subvolcanic (dyke) rocks.

Figure 4.34 P-T diagrams (A) show correlation of Aliv and TiO2 contents of amphibole in the Walash and
Naopurdan rocks (after Ernst and Liu, 1998); (B) shows the stability limits of consistent amphiboles in
basalt-rhyolite calc-alkaline magmas. This can be used to conduct a rough evaluation of the equilibrium of
amphibole with other phases (after Ridolfi et al., 2010), (C) and (D) show the NNO and NNO +2 curves
(from O’Neill and Pownceby, 1993).
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Figure 4.34 P-T diagrams continued
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Figure 4.35 Isopleths of Al2O3 and TiO2 in weight percent in amphibole from Walash and
Naopurdan rocks (after Ernst and Liu, 1998).

Figure 4.36 Chlorite classification diagram (after Hey, 1954) for Walash and Naopurdan
samples.
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Figure 4.37 (A) Polyhedral model of the clinozoisite structure (space group P21/m) projected
along the b-axis. TO4 tetrahedra are in yellow, T2O7 groups are in red, octahedra in green, A
sites are shown as blue spheres (A1 dark blue, A2 light blue); (B) linkage of octahedral sites
forming chains parallel to the b-axis. H atoms on the chain formed by M2 octahedra are shown
as small white spheres (after Armbrusterl et al., 2006).
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Figure 4.38 Nomenclature of the monoclinic Fe-Al members of the epidote group depends on
pistacite (after Armbrusterl et al., 2006). All Walash and Naopurdan volcanic and subvolcanic
samples are epidote, except two from the Mawat area (M9) that are clinozoisite.

Figure 4.39 Fe-Ti oxide composition plot (after Putnis, 1992) of Naopurdan volcanic and
subvolcanic rocks.
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Figure 4.40 Fe-Ti oxide composition plot (after Putnis, 1992) of Walash calc-alkaline volcanic
and subvolcanic rocks.

Figure 4.41 Fe-Ti oxide composition plot (after Putnis, 1992) of Walash alkaline volcanic and
subvolcanic rocks.
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Chapter Five
Geochemistry of Paleogene Walash-Naopurdan volcanic and subvolcanic rocks
and Late Cretaceous Hasanbag arc rocks
5-1 Introduction
In this study, representative samples of different rock types from the Late Cretaceous
Hasanbag rocks and the Eocene-Oligocene Walash-Naopurdan volcanic and
subvolcanic rocks of the Iraqi portion of the Zagros Suture Zone

were

analysed

to

determine their geochemical properties and classify their affinities. This study uses a full
suite of major, trace and rare earth element concentration variations. The tectonic
significance of the Hasanbag and Walash-Naopurdan volcanic and subvolcanic rocks is
still controversial. Therefore, geochemical data are utilized in discriminate diagrams to
distinguish the tectonic settings for the Hasanbag and Walash-Naopurdan rocks and thus
provide a better understaning of the late events in the Neo-Tethys ocean and when
collision of the Arabian and Iranian continental plates started. The common occurrence
of secondary alteration in the Hasanbag, Walash and Naopurdan volcanic rocks led to
difficulties in relying on standard methods of geochemical classification because of the
mobility of some elements during such processes, especially many major elements.
Reasons for the chemical variations in the major oxides and trace elements of these
rocks has been outlined by Floyd (1976) as:
1- distinction of the initial chemical composition; and
2- the rocks are affected by secondary processes (ocean-floor metamorphism and
subsequent hydrothermal alteration).
The secondary processes leading to movement of these elements hide or distort the
initial chemical signatures of these rocks. In addition, the impact of magmatic
differentiation on both the Hasanbag and Walash-Naopurdan rocks is clear as will be
noted later. Therefore, the modelling and interpretation is largely based on immobile
elements that are least affected by alteration, i.e. HFSE, REE and Th. Variations in these
elements and their ratios are most indicative of the original magmatic processes and
sources (Floyd and Winchester, 1975; Winchester and Floyd, 1977; Pearce, 1982, 1996,
2005, 2008). All major and most trace elements are plotted against MgO.
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In this chapter 20 samples from the Late Cretaceous island-arc Hasanbag rocks and 40
samples of Paleogene arc and back-arc Walash-Naopurdan volcanic rocks were
analyzed using XRF for major and trace elements and ICP-MS for rare earth elements.
The Hasanbag samples came from one province and located to the NW of the Walash
and SE of the Naopurdan suites, twenty one samples of the Walash calc-alkaline and
alkaline rocks were collected from three provinces (10 calc-alkaline samples, 7 from
Mawat area and 3 samples from Leren area, which is located on northwest flank of
Hasanbag Mountain; Fig. 2.5, and 10 alkaline samples from the Galalah-Choman
province) and 19 samples of the Naopurdan island-arc tholeiite were collected from
three areas (6 samples from the Qalander area, 8 samples from the Sheikhan area and 5
samples from the Leren area). Chemical data and CIPW norms for individual samples
from Hasanbag and Walash-Naopurdan rocks are listed in Tables 5.1 and 5.2 and
Appendices E, F and G.
5.2 Geochemistry of the Eocene-Oligocene Walash-Naopurdan volcanic arc and
back-arc rocks
5.2.1 Variations in major elements
The Walash-Naopurdan volcanic rocks are all mafic to intermediate in composition. The
Naopurdan volcanic and subvolcanic rocks show low to moderate loss-on-ignition (LOI)
values ranging from 1.32 to 5.52% (with higher values in most Leren samples that
contain copious hydrous minerals such as chlorite). The LOI values in the Walash
volcanic and subvolcanic rocks are higher than in the Naopurdan volcanic and
subvolcanic rocks, ranging from 2.02 to 6.78% in the Leren-Mawat calc alkaline rocks
and and 2.82 to 7.32% in the Galalah-Choman alkaline samples (Table 5.1). The
moderate variation in LOI is a crude measure of the degree of rock alteration (Parlak et
al., 2006). Accordingly, both the Walash and Naopurdan volcanic rocks have been
affected by a moderate degree of alteration. In general, major and trace elements have
been plotted against MgO because the MgO plot is the most appropriate for mafic rocks
(Rollison, 1993).
This study revealed variation in silica (SiO2) content in both the Walash and Naopurdan
volcanic and subvolcanic rocks. It ranges between 43.36 and 61.65 wt% with an average
of 51.61 wt% in the Leren and Mawat calc-alkaline Walash volcanic and subvolcanic
rocks and 42.95-54.37 wt% with an average of 48.2 wt% in Galalah-Choman alkaline
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Walash volcanic and subvolcanic rocks. The highest variation was in the Naopurdan
island-arc tholeiite rocks in the Qalander and Sheikhan areas where the silica content is
between 47.04-65.79 wt% with an average of 56.09 wt% (see Table 5.1). The silica
content plays a major role in determining the composition of most rock-forming
minerals in the studied samples. The Walash calc-alkaline average (Leren and Mawat) is
similar to that reported by Vallance (1969) while the Walash alkaline samples are lower
than those Vallance reported. Naopurdan samples have higher silica values than
Vallance reported and they also show wide range of Cr and Ni concentrations (Table
5.1), suggesting extensive fractional crystallization. Moreover, the slight variation in
SiO2 concentration in the studied samples may be related to its mobility during
secondary processes. SiO2 shows a significant negative correlation with MgO and this
figure clearly separates the Walash and Naopurdan samples (except two Walash calcalkaline samples, M1 and M7, which are more felsic with high values of silica; Fig.
5.1a). SiO2 also shows a significant negative correlation with CaO and a positive
correlation with Na2O (Fig. 5.1b and c). These relationships indicate that there has been
an increase in silica content during secondary alteration when sodium replaced calcium
in both the Walash and Naopurdan volcanic rocks.
Alumina is known to be one of the least mobile major elements (Cann, 1969; Hart,
1973). The alumina content in the Walash calc-alkaline and alkaline volcanic and
subvolcanic rocks ranges between 14.11-17.99 wt% (average 16.25 wt%) and 12.2716.72 wt% (average 14.99 wt%), respectively. However, the content Al2O3 in
Naopurdan volcanic and subvolcanic rocks is less than in Walash volcanic and
subvolcanic rocks (11.25-16.26 wt%, average 14.29 wt%). This value increases in the
samples containing a high proportion of plagioclase and those that suffered from the
replacement of a few epidote minerals. The average Al2O3 content is similar to those in
unaltered basalt and spilitic rocks (Vallance, 1969) with the slight Al2O3 decrease being
attributed to the alteration of plagioclase to sericite and epidote, and the effects of
secondary alteration. Al2O3 generally shows a negative correlation with SiO2 and Zr in
both the Walash and Naopurdan samples. Al2 O3 is usually controlled by feldspar
crystallisation, however it exhibits no significant negative correlation with CaO in all
studied samples due to the absence of Ca-plagioclase in the mineral assemblage of the
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present samples and that corresponds with the petrographic properties (see Chapter
Four; Figs 4.33 and 5.1d).
The calcium content in the Walash calc-alkaline and alkaline volcanic and subvolcanic
rocks ranges between 2.64-12.84 wt% (average 6.96 wt%) and 3.83-14.44 wt% (average
7.51 wt%), respectively. The Naopurdan volcanic and subvolcanic rocks show a lower
variation in CaO content ranging between 1.64-8.91 wt% with an average of 5.22 wt%.
The lowest value of CaO in the Naopurdan volcanic and subvolcanic rocks is in the
Sheikhan samples (see Table 5.1). However, most of the plagioclase encountered in the
present study is sodic indicating alteration (see Chapter Four); hence the relatively high
CaO concentration in some studied samples is due to the presence of calcite and epidote
in the groundmass (e.g. ChQ14) or in veins. Thus CaO shows a disordered relationship
with most elements in the Walash samples due to the effects of the alteration.
Consequently, CaO exhibits no significant correlation with Zr in both the Walash
alkaline and calc-alkaline rocks because of its mobility. However in the Naopurdan
island-arc rocks CaO shows a negative correlation with Zr, which is probably related to
crystal fractionation of clinopyroxene (Cox, 1980; see Fig. 5.1e-f). CaO shows a
negative and positive correlation with SiO2 and MgO, respectively (Fig. 5.1b, f), in both
the Walash and Naopurdan volcanic rocks indicating crystallization of plagioclase,
amphibole and formation of epidote during epidotization.
The MgO content in the Walash calc-alkaline and alkaline volcanic and subvolcanic
rocks ranges between 2.39-6.35 wt% and 2.97-8.32 wt%, with averages of 4.66 wt% and
5.04 wt%, respectively. The MgO content in the Naopurdan volcanic and subvolcanic
rocks ranges from 1.68-17.45 wt% (average 7.22 wt%). Despite the high amount of
chlorite in most of the Walash and Naopurdan samples, the lower MgO in most samples
is related to the absence of olivine and the low content of amphibole (Mg-hornblende),
whereas the higher MgO values are observed in a number of Choman (Walash alkaline)
and Leren (Naopurdan IAT) samples is due to the presence of olivine in the Choman
samples and amphibole in the Naopurdan samples as phenocrysts and/or in the
groundmass in these samples. Generally, MgO displays significant negative correlations
with SiO2, TiO2, Na2O, Zr, Th, Nb, Y and Ga, and positive correlations with CaO, Mg#,
Ni, Cr, Co and Al2O3 (with minor scatter; see Figs 5.1a,f and 5.2a-f) in both the Walash
189

and Naopurdan volcanic and subvolcanic rocks. These negative and positive correlations
can be explained by the separation of the plagioclase and ferromagnesian minerals (such
as clinopyroxene, Ti-bearing opaques and olivine) from the liquid by fractional
crystallization. In addition, the increase in incompatible trace elements, such as Zr, Y
and Nb, and the decrease in MgO suggests that crystal fractionation is one of the major
magmatic processes in the evolution of the Walash and Naopurdan volcanic and
subvolcanic rock magmas (Figs 5.2c and 5.3a-b). Magnesium oxide is included in the
composition of olivine, pyroxene, amphibole and alteration product minerals like
chlorite in both the Walash and Naopurdan volcanic and subvolcanic rocks and this can
emphasize the positive correlations of this oxide with Cr and Ni. The positive
correlation of Cr with MgO is related to the presence of clinopyroxene, because most of
chromium enters into the clinopyroxene structure whereas the positive relationship
between Ni and MgO may be related to Ni substituting for Mg due to their similarity in
ionic radii or it could enter into the olivine minerals (e.g. Choman samples). Plots of
major elements against MgO reveal how much of the original chemistry of most Walash
and Naopurdan volcanic and subvolcanic rocks is affected by alteration and/or
metamorphism. This is because MgO is an important component of solid phases in
equilibrium with mafic melts and shows a great deal of variation, either as a
consequence of breakdown of magnesia phases during partial melting, or because of
their removal during fractional crystallization (Yibas et al., 2003).
The range of Mg-numbers (Mg# = (Mg/Mg+Fe+2)) is between 33 and 59, and between
31 and 62 in Walash calcalkaline and alkaline rocks, respectively. The Mg# in the
Naopurdan rocks ranges from 31 to 79, with the high Mg# being observed in most of the
Leren Naopurdan island-arc samples. These samples have also high Cr and Ni values,
and can be regarded as being close to the primary magma (Clague and Fery, 1982).
However, most Walash and Naopurdan volcanic and subvolcanic rocks have Mg# less
than 60 and must have suffered some differentiation prior to emplacement (see Table
5.1). Mg# displays a significant positive correlation with MgO (Fig. 5.3c).
The total Fe as Fe2O3 content in the calc-alkaline and alkaline Walash volcanic and
subvolcanic rocks is between 5.92-11.72 wt% and 8.13-17.02 wt% with averages of
10.17 wt% and 10.99 wt%, respectively. The Fe2 O3 content in the Naopurdan volcanic
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rocks ranges from 4.96-11.07 wt% with an average of 8.75 wt%. The Walash rock
samples show an increased Fe2O3 content compared to the analyses given in Vallance
(1969). The increased Fe2O3 percentage is probably a consequence of oxidation and
other secondary alteration processes (Miyashiro et al., 1971). Fe2O3 contents in all
studied volcanic and subvolcanic rocks are scattered but generally display a weak
increase with decreasing MgO (Fig. 5.3d) or they show no significant negative
correlation with MgO, which indicates that the Fe2O3 has not entered into the structure
of the ferromagnisium minerals. However, Fe2O3 shows a positive correlation with TiO2
in all studied samples (Fig. 5.3e) which relates to crystallization of Ti-oxide minerals
and is consistent with the petrographic evidence. This positive correlation with TiO2 is
much clearer in the Galalah-Choman alkaline Walash samples compared to other
Walash and Naopurdan samples.
Na2O contents in calc-alkaline and alkaline Walash volcanic and subvolcanic rocks are
very similar ranging between 2.88-5.58 wt% and 2.77-5.84 wt% with averages of 4.15
wt% and 4.25 wt%, respectively (Table 5.1). However, the Naopurdan volcanic and
subvolcanic rocks show a wider range of Na2O contents from 0.34-7.44 wt% with
average 3.7 wt%. In one Naopurdan sample (SH4), it reaches 7.44 wt%. The higher
Na2O contents are due to increased albitization of the plagioclase minerals. When
correlated with MgO, it displays a negative correlation in both the Walash and
Naopurdan samples, but it shows more scatter with decreasing MgO (less than 6%)
which indicates that Na2O was also mobile during secondary processes (see Fig. 5.3f).
The percentage of Na2O increases as the albitization process increases and this probably
explains the negative correlation with calcium oxide in all Walash and Naopurdan
volcanic rocks (Fig.5.4a).
K2O is also a mobile element during spilitization processes (Cann, 1969). Walash calcalkaline and alkaline volcanic subvolcanic rocks contain between 0.0-4.46 wt% and
0.11-2.27 wt% K2O with averages of 1.13 wt% and 0.63 wt%, respectively. However,
most Naopurdan samples have low K2O contents (0.02-1.46 wt%, average 0.55 wt%)
and some of them are below the detection limit (e.g. Qalander samples, see Table 5.1).
The average K2O contents in the present samples are lower than the contents given by
Vallance (1969), suggesting that K2O decreased during the spilitization processes. In
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addition, the high values of K2O in some Walash and Naopurdan samples reflects the
higher modal contents of K-feldspar (e.g., M7, M14 and L21) and/or biotite (Ch24).
K2O shows a variable distribution against MgO indicating its mobility. K2O displays a
significant correlation with Rb and Ba in both the Walash and Naopurdan volcanic rocks
(Fig. 5.4b-c).
MnO content is similar in both the Walash and Naopurdan samples. In Walash calcalkaline and alkaline volcanic and subvolcanic rocks it ranges between 0.10-0.27 wt%
(average 0.18 wt%) and 0.1-0.25 wt%

(average 0.17 wt%), respectively. In the

Naopurdan volcanic and subvolcanic rocks MnO ranges from 0.08-0.22 wt% with an
average of 0.14 wt%. Manganese is one of the lithophile elements which substitutes for
Fe+2 and Mg+2. Sometimes, MnO is considered as a trace element due to its low
concentration and it does not enter essentially into the structure of common minerals in
volcanic rocks. Manganese shows a positive correlation with Fe2O3 in both the Walash
and Naopurdan samples (Fig. 5.4d).
Generally, P2O5 and TiO2 are considered by many authors as the least mobile elements.
Cann (1970), Pearce and Cann (1973) and Pearce (1996) considered P2O5 to be a
slightly mobile element through secondary processes and metamorphism. The Walash
calc-alkaline and alkaline volcanic and subvolcanic rocks have TiO2 values ranging
between 0.59-2.14 wt% and 0.62-2.86 wt% with averages of 1.16 wt% and 1.19 wt%,
respectively. In contrast, the TiO2 content in the Naopurdan volcanic and subvolcanic
rocks ranges between 0.08-0.59 wt% with an average of 0.25 wt%. The lower TiO2 in
the Naopurdan volcanic rocks than the Walash samples is due to the different tectonic
setting whereby the arc basalts (Naopurdan) have a lower abundance of Ti than the
back-arc basalts (Walash; cf, Woodhead et al., 1993, Gursu et.al., 2005). Additionally, it
also could be due to the different magmatic composition and/or different degree of
magmatic differentiation. Average TiO2 contents of unaltered basalt and spilitic rocks
are 1.9 wt% and 1.5 wt% respectively (Vallance, 1969). Ti shows significant positive
and negative correlations with Zr and MgO, respectively, in all the studied samples
indicating the increase of TiO2 with evolving fractional crystallization (Fig. 5.4e).
The P2O5 content in both the Walash calc-alkaline and alkaline samples ranges between
0.08-0.52 wt% and 0.29-1.31 wt% with averages of 0.26 wt% and 0.56 wt%,
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respectively. In the Naopurdan volcanic rocks the P2O5 content ranges between 0.010.11 wt% with an average 0.05 wt%. The average P2O5 content in the Naopurdan
volcanic rocks is lower than the P2O5 content recorded by Vallance (1969) which is due
to the absence of apatite in these rocks. Conversely, the Walash samples have higher
values of P2O5 than the Naopurdan samples due to the presence of apatite (e.g. M14, see
Table 5.1).
5.3 Variation of trace elements
5.3.1 Compatible elements
Chromium is a transitional element with an ionic radius of 0.63Å that shows a
lithophilic behavior (Krauskopf, 1979). Its content in the Naopurdan volcanic rocks is
higher than in the Walash volcanic rocks, excluding the Choman alkaline volcanic rocks
which have higher Cr values than other calc-alkaline Walash samples, reflecting the
higher modal content of olivine in these rocks (Table 5.1). The average content of Cr in
the Naopurdan volcanic and subvolcanic rocks is 343 ppm while the averages in both
the Walash calc-alkaline and alkaline samples are 92 ppm and 121 ppm, respectively
(see Table 5.1). Globally, the Cr content in unaltered basalts reaches 280-550 ppm
(Humphris and Thompson, 1978), while in altered basalt rocks it ranges between 70400 ppm (Cann, 1969). Cr is a relatively immobile element during the secondary
alteration processes (Pearce, 1975; Humphris and Thompson, 1978). Cr is highly
compatible and is concentrated in clinopyroxene, olivine and spinel (Wilson, 1989), and
hence it shows a significant positive correlation with MgO in both the Naopurdan and
Walash rocks (Fig. 5.2e).
Cr tends to be fractionated at the first stage from the melt and its concentration
decreases in residual melt with the evolving fractional crystallization (Henderson and
Dale, 1970). It means that the behavior of this element is similar to Ni in one mineral
phase and it shows a significant positive correlation with Ni in Figure 5.4f. Figure 5.4f
also shows that the contents of Cr and Ni decrease from Leren Naopurdan samples and
Choman alkaline Walash samples towards the Leren-Mawat calc-alkaline volcanic rocks
and the Qalander-Shekan Naopurdan island-arc rocks, probably related to the higher
modal olivine and clinopyroxene in Leren samples and the Choman alkaline Walash
volcanic rocks (Green, 1994).
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Nickel is a transitional element with an ionic radius of 0.77Å. It can be both siderophile
(e.g. forming pentlandite) in addition to its lithophile behavior (i.e., concentration into
olivine, Krauskopf and Bird, 1995). Ni is considered to be an immobile element during
metamorphism (Wilson, 1989; Govaindraju, 1994). Its content in the Walash calcalkaline and alkaline rocks is between 5-118 ppm and 3-162 ppm with averages of
38 ppm and 60 ppm, respectively (Table 5.2). The Naopurdan samples have a huge
variety of Ni values from 5 to 440 ppm with an average 91 ppm. According to Humphirs
and Thompson (1978), globally the Ni concentration in unaltered basalt is between 75140 ppm. Thus the low Ni content in the Walash calc-alkaline and Galalah alkaline
samples and the Naopurdan samples (except M12) is due fractionation of olivine.
However, both the Walash alkaline samples from Choman and the Naopurdan IAT
samples in the Leren area have high Ni values which reflected the presence of olivine in
these samples (Table 5.1). Additionally, Ni2+ may substitute to a lesser degree for Mg2+
and Fe2+ in pyroxene and amphibole minerals because of their similarity in charge and
ionic radius (Ni2+ 0.78 Å, Mg2+ 0.78 Å and Fe2+ 0.78 Å). Thus regardless of general
absence of olivine fractionation, Ni shows a significant positive correlation with MgO
(Fig. 5.5a) in all the present studied samples.
Cobalt belongs to the transitional element group with an ionic radius 0f 0.83Å and it
behaves as a lithophilic element. Its concentration in the Walash calc-alkaline and
alkaline volcanic rocks ranges from 15 to 59 ppm and 12 to 70 ppm, respectively. Co
concentrations in the Naopurdan samples are similar to the Walash samples ranging
between 13-72 ppm (see Table 5.1). Co shows a significant positive correlation with
MgO in the both the Walash and Naopurdan samples (Fig. 5.5b) because it may enter
into the structure of all mafic silicates due to the similarity in ionic radius between Co
and Mg. Consequently, Co has a significant positive correlation with both Cr and Ni in
the Naopurdan and Walash samples.

The Walash calc-alkaline and alkaline samples contain vanadium in the range from 110471 ppm and 34-416 ppm with averages of 261 ppm and 223 ppm, respectively.
Vanadium values in the Naopurdan IAT rocks are similar to those in the Walash
volcanic rocks. It ranges from 126-354 ppm with an average of 242 ppm (see Table 5.1).
Vanadium is a lithophilic element with an ionic radius of 0.72 Å (Krauskopf, 1979).
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Globally, its concentration in unaltered basalt ranges between 245-290 ppm (Humphirs
and Thompson, 1978). It shows a strong fractionation into Fe-Ti oxides (Wilson, 1989).
In addition, vanadium is incorporated into pyroxene, amphibole and biotite (Mason and
Moore, 1982). It shows a significant positive correlation with Fe2O3 (Fig. 5.5c) in both
the Walash and Naopurdan samples, which is related to the similarity in chemical
behavior between V and Fe.
Gallium is a transitional element with an ionic radius of 0.62 Å which is similar to Fe3+
(0.64 Å) and Al3+ (0.5 Å), thus its substitution for both these elements can be predicted
(White, 1997). It is a relatively immobile element during secondary alteration processes
(Cann, 1969; Pearce; 1975). Ga concentrations in the Walash calc-alkaline and alkaline
volcanic and subvolcanic rocks range between 14-24 ppm and 13-22 ppm with an
average of 18 ppm for both rock types, which is higher than the Naopurdan sample
contents of 6-15 ppm with an average of 11 ppm. Ga shows a positive correlation with
Zr (Fig. 5.5d) in both the Walash and Naopurdan samples which indicates that Ga
remains concentrated in the melt phase.

5.3.2 Incompatible elements
5.3.2.1 Large Iion lithophile elements (LILE)
Strontium is highly mobile in altered basalt, is a lithophilic element and has an ionic
radius 1.12 Å. It is considered to be a large ion lithophilic element (LILE; Krauskopf
and Bird, 1995). Strontium in both the Walash calc-alkaline and alkaline rocks ranges
between 94-585 ppm and 140-821 ppm with averages of 270 ppm and 357 ppm,
respectively (Table 5.1). The Sr concentrations in Naopurdan volcanic rocks are lower
than in the Walash volcanic rocks and range between 15-505 ppm with an average of
115 ppm (Table 5.1). Globally, Sr content in unaltered basalt ranges between 90210 ppm (Berndt et al., 1988). The high Sr content in the Walash volcanic rocks is
attributed to Sr derived from the subducting slab. In one Naopurdan sample from
Sheikhan (SH14) Sr reaches 505 ppm, which is very high and may be related to the
presence of calcite and epidote. However, in some Walash and Naopurdan samples the
Sr content is low. In general, these broad variations in Sr concentration spanning
moderate to low abundances are due to its mobility during alteration processes. Sr
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exhibits no significant correlation with CaO as Sr may be either depleted or enriched
due to secondary processes.
Rubidium is a large ion lithophilic element (LILE) with ionic radius of 1.57Å
(Goldschmidt, 1962). Rb is a mobile element during alteration processes (Floyd and
Tarney, 1979). The rubidium ionic radius is close to that of potassium. The latter can be
replaced by Rb in K-feldspar, biotite and hornblende (Wilson, 1989). Rubidium content
in the analysed Walash calc-alkaline and alkaline samples ranges from 2.5-76 ppm and
1.8-48 ppm with averages of 20 ppm and 11 ppm, respectively (Table 5.1). However,
most of the Naopurdan samples have low contents of Rb ranging between 0.2-39 ppm.
For example, samples Ch24 and M7 from the Walash alkaline and calc-alkaline rocks
have the highest Rb contents and the highest modal contents of biotite and sanidine,
respectively (see Table 5.1). This is also emphasized by a significant positive correlation
between K2O and Rb in both the Walash and Naopurdan samples (see Fig. 5.5e).
Barium is also a large ion lithophilic element (LILE) with an ionic radius of 1.44Å
(Goldschmidt, 1962). Barium is a mobile element during alteration processes (Floyd,
1976). Its concentration in the calc-alkaline and alkaline Walash samples is between 53580 ppm and 49-386 ppm with averages of 191 ppm and 170 ppm, respectively (see
Table 5.1). Ba concentrations in the Naopurdan volcanic rocks are lower than in the
Walash samples ranging between 12-156 ppm with an average of 70 ppm (Table 5.1).
Its concentration in unaltered basalt is very low (5 ppm). The high values of Ba in most
Walash and Naopurdan samples are related to fluids derived from the subducted slab
during the subduction process because Ba is one of the LILEs (Parlak et al., 2004).
Barium’s ionic radius is close to that of potassium (K) 1.46 Å it and shows a significant
positive correlation with K in both the Walash and Naopurdan samples (Fig. 5.5f).
Lead is a lithophilic element with a large ionic radius (1.26 Å), and belongs to the LILE
group. Pb values are low in most Walash and Naopurdan samples due to hydrothermal
alteration. The average values detected in both the Walash calc-alkaline and alkaline
samples is 4.6 ppm and 3.7 ppm whereas, the average Pb content in the Naopurdan
samples is 2.5 ppm (Table 5.1). No marked correlation was observed between Pb and
MgO or Zr in either the Walash or Naopurdan samples, which is related to the mobility
of Pb.
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5.3.3.2 High field strength elements (HFSE)
Zirconium is a lithophilic high field strength element (Krauskopf and Bird, 1995). Zr is
largely immobile during alteration and metamorphic processes (Pearce and Cann, 1971).
Zr content in the Walash volcanic rocks is higher than in the Naopurdan volcanic rocks,
and it is highest in the Walash alkaline volcanic rocks (Galalah-Choman area) where it
ranges between 105-401 ppm with an average of 206 ppm. Zr values in the Walash calcalkaline rocks are 40-427 ppm with an average of 143 ppm. The Naopurdan samples
exhibit a range in Zr content from 4.5-84 ppm with an average 28 ppm (Table 5.1). This
contrast in Zr contents between the Walash and Naopurdan samples confirms the
difference in tectonic setting and degree of partial melting that controls Zr abundance
(Woodhead et al., 1993). Zr is concentrated in the remaining melt phase during crystal
fractionation. It shows a positive correlation with TiO2, P2O5 (except for the alkaline
samples), Nb, Y, Hf, Th, Ga and Ce and an inverse correlation with CaO, Mg#, Cr, Ni,
Co and V in both the Walash and Naopurdan samples due to the high content of
compatible elements, e.g. Mg#, Cr and Ni (Figs 5.1e, 5.3a-b, 5.5d and 5.6a-d).
Yttrium is a lithophilic element with chemical properties similar to those of the Heavy
Rare Earth Elements (HREE). In spite of the similarity in ionic radius between Y (0.98
Å) and Ca (1.08 Å), plagioclase and clinopyroxene reject yttrium from their structure,
but it is found in almost all rare earth minerals and in uranium ores (Lambert and
Holland, 1974). Consequently, there is a decrease in Y content in the mafic rocks. Like
Zr and Y concentrations in the Walash volcanic rocks are higher than in the Naopurdan
volcanic rocks. Y and Nb in the Walash calc-alkaline samples range between 18-61 ppm
and 0.5-36 ppm with averages of 31 ppm and 12 ppm, respectively (Table 5.1). Y and
Nb contents in the Walash alkaline samples range between 21-58 ppm and 3.3-94 ppm
with averages of 35 ppm and 34 ppm, respectively (Table 5.1). However, Y and Nb in
the Naopurdan IAT samples range between 2.5-31 ppm and 0.3-6.5 ppm with averages
of 14 ppm and 1.9 ppm, respectively (Table 5.1). Y and Nb show significant positive
correlations with Zr and negative correlations with MgO indicating that Y and Nb
remain in the liquid phase (Figs 5.2c, 5.6b, e).
Thorium content is similar to other HFSE with contents in the Walash samples being
higher than those in the Naopurdan volcanic and subvolcanic rocks. The average Th
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contents in the Walash calc-alkaline and alkaline samples are 3.7 ppm and 5.5 ppm,
respectively, whereas the average Th content in the Naopurdan samples is 1.0 ppm
(Table 5.1). Th shows a negative correlation with MgO in the Walash samples, whereas
no marked relationship was seen in the Naopurdan samples.

5.4 Geochemical classification of Walash-Naopurdan volcanic rocks
Many diagrams commonly used to classify igneous rocks are based on immobile
elements, which make them more reliable for classifying rock types in the geological
record where their tectonic context has been lost. The most common discrimination
diagrams to determine rock types are those established by Winchester and Floyd (1977)
and Pearce (1996). These diagrams depend on the immobile elements which are not
affected or less affected by low grade metamorphism and alteration. This group of
immobile elements includes Zr, Y, Ti, Nb and REE (Pearce and Cann, 1971, 1973;
Winchester and Floyd, 1976; Verma, 1992; Jochum and Verma, 1996). These diagrams
are described individually below.
5.4.1 Zr/Ti-Nb/Y and Zr/TiO2-Nb/Y diagrams
These two diagrams were proposed by Pearce (1996) and Winchester and Floyd (1977).
They are used to indicate the degree of alkalinity by the ratio of Nb/Y, in which a ratio
of 0.67 represents the boundary between alkaline and sub-alkaline magma; the lower
values in the Walash and Naopurdan volcanic rocks indicate the sub-alkaline nature of
the rocks. However, the Zr/TiO2 ratio increases from the mafic to the felsic rocks due to
the increase in this ratio with with the evolving magma fractionation. All of the Walash
and Naopurdan volcanic rocks plot in the sub-alkaline basalt and andesitic basalt fields,
except for the alkaline Walash samples from the Galalah-Choman area, that plot (with
excluding of two samples Ga17&Ga20) in alkaline field (Fig. 5.7a-b).
5.4.2 Nb/Y-Zr/(P2O5*104) and SiO2-alkalies
In Figure 5.8 immobile and some mobile element ratios were used to separate different
magma types. According to the Nb/Y versus Zr/P2O5 diagram proposed by Winchester
and Floyd (1976), all of the Naopurdan and Walash calc-alkaline volcanic and
subvolcanic samples plot in the tholeiitic basalt field, whereas the Walash alkaline
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volcanic and subvolcanic rocks plot in the alkali basalt field (Fig. 5.8a). Irvine and
Baragar’s (1971) SiO2-alkalies diagram shows that all the Naopurdan samples fall in
subalkaline field, whereas most Walash samples show more alkaline affinities (Fig.
5.8b). However, and depending on the La/Yb and Zr/Th ratios (Kerr et al., 2002), it can
be seen that some of Walash samples (Mawat and Leren) are calc-alkaline type and all
Choman-Galalah samples are alkaline and have high La/Yb ratios (>18), whereas, all
Naopurdan samples have Zr/Th less than 200 and La/Yb ratios below four confirming
the depleted source and island-arc tholeiite type for them (see Fig.5.8c).
5.5 Rare earth elements (REE)
The 15 rare earth elements (REE) have atomic numbers between 57 (La) and 71 (Lu).
Sometimes they are called the Lanthanide group based on the first element in this group
which is lanthanum (La). Due to the similarity of the electron distributions in the outer
orbits of these elements, they have similar geochemical properties but they differ in their
ionic radii that decrease regularly from La to Lu (Lutetium). Overall, they are regarded
as incompatible elements due to their large ionic radii and charge. REE can be divided
into two groups according to their atomic numbers (Henderson, 1984; McDonald and
Fery, 1989; Rollinson, 1993) : (1) the light rare earth elements (LREE) with low atomic
numbers between 57-63. The elements of this group are lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm) and europium
(Eu). (2) the heavy rare earth elements (HREE) with higher atomic numbers in the range
64-71). The elements in this group are gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thallium (Tm), ytterbium (Yb) and lutetium (Lu; see Tables
5.3 and 5.4).
The concentration of REE is low in minerals crystallized during the first stage of
crystallization from a magma (such as olivine and pyroxene) but their concentrations are
higher in the accessory minerals that crystallize during later stages of crystallization of
the magma (such as monazite, allanite, sphene, apatite and zircon). In addition, these
accessory minerals fractionate the REE. For example, garnet accommodates the HREE
more than the LREE. Also REEs are unable to take the place of primary elements in the
common minerals in igneous rocks because of their high charges and large ionic radii.
According to Wilson (1989) and Rollinson (1993) sphene and plagioclase accommodate
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more LREE and Eu2+ is strongly partitioned into plagioclase.
5.5.1 Rare earth elements diagram
The REEs are very important for determining the petrogenesis of igneous rocks and the
mantle source of the magma. Hence, the rare earth element diagram is one of the most
important diagrams for petrogenetic studies. Rare earth elements are relatively immobile
during low-grade metamorphism, weathering and hydrothermal alteration. Particular
minerals have a characteristic effect on the shape of the REE pattern of the melt during
partial melting and fractional crystallization (Nakamura, 1974; Ottonello et al., 1984 ;
Taylor and McLennan, 1985; Offler and Gamble, 2002). The REE pattern is achieved
by normalizing the concentration of individual REEs in the rocks to their abundance in
reference materials, such as chondritic meteorites. Tables 5.5, 5.6 and 5.7 show the
normalized REEs and trace elements to those in chondrite and N-MORB for the
Naopurdan island-arc tholeiite and the Walash calc-alkaline and alkaline volcanic and
subvolcanic rocks, respectively. The measurements for the chondrite are taken from
Nakamura (1974), while N-MORB is taken from Sun and McDonough (1989).
The REE patterns for the Naopurdan and Walash (calc-alkaline and alkaline) volcanic
and subvolcanic rocks are quite similar, albeit with variable abundances and provide
additional confirmation of the subduction signatures of arc and back-arc for these
samples. The total REE contents of the Walash alkaline and calc-alkaline volcanic and
subvolcanic rocks range from 6 to 300 and 6 to 100 times the value of chondrite (see
Figs 5.9a and 5.10a), whereas the Naopurdan volcanic and subvolcanic rocks have a
range from 1 to 40 times the value of chondrite (see Fig. 5.11a). The overall patterns for
the Naopurdan rocks are akin to flat-lying REE patterns. Such flat-lying patterns
resemble rocks formed in island-arc tholeiitic (IAT) and subduction related settings with
LaN/YbN = 0.8 to 7.17 (see Table 5.4a and Figure 5.11a; after Khan et al., 2005). The
Walash samples are characterised by more enrichment in LREEs than the Naopurdan
samples and have flat MREE to HREE patterns and they are strongly fractionated
(LaN/YbN of alkaline and calc-alkaline samples are 7.7-18.5, and 3.5-6.4, respectively.
These high LREE/HREE ratios for the Walash samples indicate a mantle magma that
has been enriched by subduction and/or crustal components (Barragan et al., 1998; see
Tables 5.6 and 5.7 and Figs 5.9a and 5.10a). However, three samples from the Mawat
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area (M1, M2 and M12) and two samples from the Galalah area (Ga17, Ga20) show less
LREE content and appear to be genetically unrelated to the other Walash samples and
are more similar to the Naopurdan arc samples. No Eu anomaly is apparent in the
Walash alkaline and calc-alkaline samples (Eu/Eu* = 1.05-1.26 and 0.85-1.24; Eu/Eu*
= EuN √[(SmN)*(GdN)], see Tables 5.6 and 5.7) which may indicate a back-arc basin
pattern as recorded by Zulkaranain (2009). A moderate to strong negative Eu anomaly is
observed in some Naopurdan samples (Eu/Eu* = 0.43-1.12, e.g. L2 and Q13; see Table
5.5) which is normally interpreted as resulting from removal of plagioclase (Taylor and
McLennan, 1985; Rollinson, 1993). In addition, primary and slightly evolved
Naopurdan lavas exhibit sub-parallel REE patterns, suggesting that the latter have
experienced shallow-level crystal fractionation of their plagioclase, pyroxene and
olivine phenocrysts. The high LaN/YbN ratios in the Walash samples suggest an
important role for clinopyroxene in their formation, because mineral/melt partition
coefficients for HREE are larger than LREE in clinopyroxene (Green, 1994). Flat or
LREE enrichment patterns account for different degrees of partial fusion of the mantle
source. Both the Walash and Naopurdan samples are characterised by weakly
fractionated HREE with GdN/YbN = 2.07-2.74 for alkaline Walash samples, 0.92-1.44
for calc-alkaline Walash samples, and 0.75-1.24 for Naopurdan samples (except sample
Q13 (0.36); see Tables 5.5, 5.6 and 5.7), suggesting no residual garnet in the source
region (Lustrino and Wilson, 2007; Lustrino, 2011).
5.6 Spider diagrams
Multi-element diagrams (spider diagrams) normalized against N-MORB can be used to
constrain the source and melting characteristics of rocks, as well as revealing the effects
of sub-sea metamorphism and hydrothermal alteration (Pearce, 1983). In this type of
diagram, elements are arranged along a horizontal axis on which elements mobile in
aqueous fluids occupy the left-hand side (as far as Ba) and immobile elements in
aqueous fluids occupy the right-hand side (from Nb). Compatibility of the elements in
mantle phases is arranged to increase to the right among the immobile elements and
toward the left in the mobile elements (Wilson, 1989; Clift et al., 2002).
The multi-element variation diagrams are normalized to the N-MORB compositions of
Sun and McDonough (1989; Tables 5.8, 5.9 and 5.10, and Figs 5.9b, 5.10b and 5.11b).
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The calc-alkaline Walash samples mostly fall between those of E-MORB and the
average ocean island basalt (OIB), but the alkaline Walash samples show typical OIB
character with greater enrichments in incompatible elements than average OIB. In
addition, both the Walash rock groups (i.e. calc-alkaline and alkaline) have the typical
enrichments in LILE and L-MREE relative to HFSE and HREE and they probably
represent a magma erupted in a subduction related environment (back-arc basin BAB;
Saunders and Tarney, 1984; Figs 5.9b and 5.10b). In contrast the Naopurdan volcanic
and subvolcanic rocks show prominent depletions in high field strength elements
relative to fluid-mobile elements (e.g. negative Ta and Nb anomalies with respect to the
neighbouring incompatible elements) on a n-MORB-normalized plot (Fig. 5.11b). These
characteristics are common in arc settings and are mostly ascribed to subduction
enrichment and fluid metasomatism processes in subduction zones (e.g. Pearce et al.,
1995) and/or it is explained by retention of these elements in the residual mantle source
during partial melting (Pearce, 1982; Wilson, 1989). Moreover, this depletion in some
HFSE and HREE and enrichment in LREE with respect to N-MORB may also be
explained as reflecting generation of the melt from a source that is depleted by previous
melt extraction and then enriched in subduction-mobile incompatible trace elements.
Negative Ti anomalies in the patterns for all studied samples are due to early
crystallization of Fe-Ti oxides which buffers the Ti concentration or the earlier removal
of Fe-Ti phases (i.e. due to the fractionation of ilmenite and titanomagnetite; cf. Obeid,
2006; Ozgenc and Ilbeyli, 2009). In addition, this anomaly can also be due to retention
of Ti in rutile. It is clear that most of both the Walash and Naopurdan samples have
plenty of Fe-Ti oxides (see Chapter Four). Both Sr and K display significant negative
anomalies in some samples and positive anomalies in others. This dispersion indicates
their mobility during hydrothermal alteration (Wang et al., 2007). The high content of
Cs in most samples is because of its enrichment in fluids derived from the subducted
slab (White and Patchett, 1984; Hickey et al., 1986).
Generally, the trace element characteristics of the Walash volcanic rocks exhibit strong
resemblances to those formed near convergent plate boundaries (back-arc basin), where
the influence of a marked subduction component signifies the geochemical
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characteristics of the source mantle (e.g. Pearce, 1995; Taylor and Martinez, 2003;
Pearce et al., 2005).
High abundances of LILE and LREE and low abundances of HFSE in both the Walash
and Naopurdan rocks may be attributed to involvement of fluids transported into the
mantle wedge from the subduction slab (Leeman et al., 1990; Baker, 1994; Grove, et al.,
2002). However, variable degrees of partial melting of MORB and OIB source mantle
can play a major role for the above mentioned geochemical signatures (e.g. central
Oregon segments of the Cascade arc; Hughes, 1990).
5.7 Tectonic affinity of Walash-Naopurdan volcanic rocks
In order to understand the tectonic setting of the Naopurdan and Walash volcanic and
subvolcanic rocks located in the Iraqi Zagros thrust zone, and their classification, it is
important to consider that the majority of the samples are basalt (or basaltic andesite)
that may have formed in four different tectonic environments (Pearce and Cann, 1973).
1- Mid oceanic ridge basalt (MORB); formed at divergent plate margins.
2- Volcanic arc basalt (VAB); formed at converging plate margins.
3-Oceanic island basalt (OIB); formed within a plate – the oceanic crust.
4-Continental basalt; erupted intra-plate through continental crust.
5- Back arc basin (BAB).
Several tectonic diagrams were selected in order to determine the tectonic setting of the
present studied rocks, as follows.
5.7.1. Zr-Y diagram
This diagram depends on plotting zirconium versus yttrium (binary plot). It is
considered to be a simple diagram proposed by Muller et al. (2001) to separate arcrelated basalt from within plate basalt. As shown in Figure 5.12, all the Walash and
Naopurdan volcanic rocks are located in arc-related fields, except one Galalah sample
(GA13) that is located out of the arc related field due to its high contents of both Zr and
Y (see Table 5.1).
5.7.2. Zr-Zr/Y diagram
This diagram was proposed by Pearce and Norry (1979). It discriminates between
MORB, within plate basalt, subduction related tholeiitic basalts, such as back-arc basin
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basalts, and IAT (modified by Floyd et al., 1991). Most of the Walash volcanic samples
are located in the back-arc basin except those with very high Zr values (the more
alkaline Galalah-Choman samples), while the majority of Naopurdan samples are
situated in the subduction-related volcanic arc field (Fig. 5.13).

5.7.3. Ti-V diagram
This diagram was established by Shervais (1982) in which he used Ti and V which
behave inconsistently during metamorphic processes. Many studies had revealed
(Rollinson, 1993; Kerrich and Wyman, 1997; Chocyk-Jaminski and Dietsch, 2002) that
these two elements are relatively immobile up to high metamorphic grades of
amphibolites and granulite facies. Therefore this ratio (Ti/V) will be relatively constant
in metamorphosed and unmetamorphosed rocks located in the same tectonic
environment.
According to Shervais’ diagram, if the value of Ti/V is close to 20, it will indicate
crystallization of clinopyroxene and plagioclase. However, if this ratio is less than 20, it
will indicate the crystallization of olivine in addition to clinopyroxene and plagioclase
minerals. If this ratio is more than 20, it means crystallization of iron oxide (ilmenite,
magnetite). It is clear from Figure 5.14 that all the Naopurdan samples dominantly fall
in island-arc tholeiites with the value of Ti/V ratio less than 20. Whereas, most of the
Walash samples fall in BAB environment as their Ti/V ratio is slightly more than 20,
(i.e. 20 to 50). The studied volcanic rocks show affinities ranging from low Ti-IAT to
mid ocean ridge basalts (MORB) and back-arc basin basalts (BAB; Fig. 5.14). Although
there is considerable overlap between some of the Walash (calc-alkaline and alkaline)
samples which could be due to variation in concentration of V and/or different behavior
between Ti and V in these samples (Rollinson, 1993). It also should take into account
that V is highly sensitive to oxygen fugacity. This means that V is more incompatible
during subduction zone melting.
5.7.4. Ti/Zr-Zr diagram
This is one of the important diagrams proposed by Woodhead et al. (1993) to
discriminate between island arc (IA) and back-arc basin environments (BAB).
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According to this diagram, most of the Walash samples once again indicate a BAB
environment. However, the majority of the Naopurdan samples indicate a volcanic arc,
except for five samples from the Leren area which have low Ti and high MgO values
(see Fig. 5.15).
5.7.5. V/Ti-Zr diagram
The V/Ti versus Zr diagram was proposed by Woodhead et al. (1993) to discriminate
between island-arc theoliites (IAT), normal mid oceanic ridge basalt (N-MORB) and
back-arc basin basalt (BABB). This diagram indicates the back-arc basin affinity of the
Walash volcanic rocks and the island-arc tholeiite affinities of the Naopurdan volcanic
rocks (Fig. 5.16).
5.7.6. Zr-Nb diagram
According to the Zr-Nb diagram, the geochemical characteristics of the Naopurdan
volcanic rocks suggest an arc setting. While, significant enrichments of incompatible
elements show that a typical back-arc setting is observed in the Walash calc-alkaline
volcanic rocks. For instance, Zr/Nb ratios in samples from these volcanic rocks are
consistent with a back-arc setting (Fig. 5.17), and are comparable with rocks in back-arc
settings in New Zealand and Patagonia (Tatsumi et al., 1983). However, all the alkaline
Walash samples are off scale (except two samples, Ga17and Ga20, which fall with the
Naopurdan arc samples).
5.7.7. Zr-Th-Nb diagram
In a ternary element plot of Zr-Th-Nb (after Wood, 1980), the Naopurdan samples
(excluding two samples SH4 and SH7 which plot in E-MORB field because they have
higher Zr and Nb values than other Naopurdan samples) show relative enrichment in Th
and depletion in Nb , thus they plot in the field of volcanic arc basalts (Fig. 5.18). The
Walash volcanic rocks as a whole form two distinct trends defined by E-MORB and
OIB excluding two alkaline (Ga17 and Ga20 - contain low Nb values) and two calcalkaline samples (contains high Th values) that plot with the Naopurdan samples in the
arc basalt field. This is because of the low content of Nb compared with other Galalah
samples (Fig. 5.18).
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5.7.8. The clinopyroxene SiO2/100-TiO2-Na2O composition diagram
All clinopyroxene data were plotted onto Beccaluva et al.’s (1989) tectono-magmatic
discrimination ternary diagram SiO2/100-TiO2-Na2O. It is clear from this diagram that
all Walash clinopyroxenes follow a unique trend encompassing the MORB field, while
most of the Naopurdan ones fall in IAT and few in the boninite field. These chemical
characteristics may suggest that the Walash and Naopurdan samples have back-arc and
arc affinities, respectively (Fig. 5.19a-b).
5.7.9. Th/Yb-Nb/Yb and Nb/Yb-TiO2/Yb diagrams
Thorium is a low ionic potential element, Nb is a high ionic potential element and Nb
displays the same chemical behaviour as Ta during partial melting and crystal
fractionation (Wood et al., 1979a; Pearce et al., 2005). Ytterbium (Yb) is utilized as a
normalizing factor to decrease the effect of fractional crystallization and crystal
accumulation (e.g. Pearce and Peate, 1995; Pearce et al., 2005). Pearce (2008) used
these two diagrams to distinguish between IAB (IAT and CAB), MORB and WPB. The
subduction signature of the Walash-Naopurdan volcanic and subvolcanic rocks is
confirmed by the Nb/Yb vs. Th/Yb diagram (Fig. 5.20a) which shows that almost all the
studied rocks fall in the compositional field of arc-related rocks – well above the field of
the MORB-OIB mantle array. This geochemical evidence demonstrates that systematic
increases of sediment input may have contaminated the mantle source or perhaps the
upwelling magma before eruption. Hence, the subduction inputs and continental crust
contamination both increase the Th content. The lowest and highest subduction input
contributions are the Naopurdan and alkaline Walash, respectively. The Th composition
of selected lavas from the Walash-Naopurdan samples can be used to represent different
events of material transfer from the slab to the mantle wedge. This multi-stage slab
contribution for the Walash-Naopurdan volcanic arc (i.e. fore-arc, arc and back-arc
volcanicity) is shown in the Nb/Yb vs TiO2/Yb and Ti vs V diagrams. In addition, The
Nb/Yb-TiO2/Yb diagram (Fig. 5.20b) is a proxy for melting depth, with N- and EMORB compositions plotting at low TiO2/Yb ratios and OIB at high ratios because of
the greater depth of melting of the latter rock type (Pearce, 2008). All studied samples
follow the MORB shallow melting array.
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5.7.10. Th/Yb vs. Ta/Yb diagram
The bivariate plot of Th/Yb vs. Ta/Yb is useful for examining the melt source and
contaminants, since normalizing both axes to Yb eliminates most effects of partial
melting and fractional crystallization (Pearce, 1983). This is because Th and Ta have
similar distribution coefficients for melting and fractional crystallization, so that the
MORB-OIB field forms a diagonal array on the Ta/Yb vs. Th/Yb plot with a slope close
to unity (see diagonal arrow in Fig. 5.21). On a Ta/Yb vs. Th/Yb diagram, the studied
volcanic and subvolcanic rocks display a consistent displacement from the MORB-OIB
array towards higher Th/Yb ratios, forming a subparallel trend to the main MORB-OIB
array (Fig. 5.21). However, the addition of a subduction component to a constant mantle
source would be expected to give a vertical trend on the diagram (i.e. vertical arrow in
Fig.5.21), as only Th is added while Ta and Yb remain nearly constant. Contrary to
Th/Yb, the Ta/Yb ratios are not affected, or little affected, by additions of components
during plate subduction. This is because Th is widely thought to be slab-derived in
fluids/melts (Pearce et al., 1995; Hawesworth et al., 1997). Variations in both Th/Yb
and Ta/Yb ratios simultaneously are related to enrichment or depletion of the mantle
wedge. However, an increase in these ratios can also be recognized during the evolution
of some subduction zone settings (increasing arc maturity).
All nine Galalah and Choman alkaline Walash rocks plot next to the shoshonitic field of
this diagram, suggesting that they formed in a mature back-arc setting next to the active
continental margin field (Fig. 5.21).
5.8 Geochemistry of Late Cretaceous Hasanbag arc rocks
The majority of Hasanbag samples have been affected to various degrees by ocean-floor
hydrothermal metamorphism and/or secondary alteration. However, many authors (e.g.
Pearce and Cann, 1973; Floyd and Winchester, 1975; Beccaluva et al., 1979; Pearce and
Norry, 1979: Pearce, 1982; Meschede, 1986; Rolland et al., 2002) have demonstrated
that concentrations of some incompatible elements (such as Th, Nb, REE, P, Hf, Zr, Ti
and Y) and transition metals (such as Ni, Co, Cr and V) are relatively immobile during
alteration or metamorphic processes and can thus be effectively used to describe the
primary geochemical features of ophiolitic rocks. Therefore, rock classification,
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geochemical variation and tectonic setting of the Hasanbag samples can be elucidated
on the basis of these immobile elements.
5.8.1 Variation of major elements
Major and trace element analyses for 20 samples of the Late Cretaceous Hasanbag
volcanic and subvolcanic rocks are given in Table 5.2. The majority of the analysed
samples are lavas (16 samples), whereas a subset is represented by hypabyssal dykes (4
samples). Note that dykes are not plotted separately, as they cross-cut the Hasanbag
volcanic rocks and they are very similar to the volcanic rocks in terms of their
petrography and geochemistry, with the exception of some expected textural differences
(see Chapter 4.2.2). However, the doleritic dykes are more mafic (they have less SiO2
and alkaline oxides and higher Fe2O3, CaO and TiO2 than the volcanic rocks (see Table
5.2).
The Hasanbag rocks are all mafic to intermediate. The loss on ignition (LOI) values
reflect secondary alteration of the rocks which is also indicated by the presence of
veining and vug-filling by calcite, chlorite and epidote. The values of LOI range from
1.41 to 3.52% with an average of 2.39% (except for sample H17 that has 4.2% LOI).
Hasanbag samples show the lowest variation in SiO2 ranging between 45.86-53.42 wt%
with an average 50.57 wt%. Al2O3, CaO and MgO vary from 10.45-17.22 wt%, 5.2110.3 wt% and 3.24-8.71 wt% with averages of 15.24 wt%, 7.78 wt% and 5.59 wt%,
respectively (see Table 5.2). Na2O and K2O values range from 2.7-5.89 wt% and 0.00.73 wt% with averages of 4.40 wt% and 0.31 wt%, respectively. The Hasanbag
samples have Fe2O3t (as total iron), TiO2, P2O5 and MnO contents varying from 9.714.83 wt%, 0.78-1.26 wt%, 0.18-0.34 wt%, 0.15-0.20 wt% with averages of 11.08 wt%,
0.93 wt%, 0.26 wt% and 0.16 wt%, respectively (see Table5.2). Mg# (Mg/Mg+Fe2+)
values range from 38-59. There is a positive correlation between MgO and Cr and Ni,
indicating important olivine and pyroxene control in the suite.
Most major oxide variations display a clear negative or positive correlation with
increasing MgO content, reflecting the vital role of fractional crystallization processes
during the evolution of the Hasanbag rocks. For example, they show significant negative
correlations with SiO2, Na2O, K2O, TiO2 and P2O5 and positive correlation with CaO,
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Al2O3, Mg# (only for volcanic rocks) whereas there is no good relationship between
MgO and Fe2O3t (see Fig. 5.22). This indicates fractionation of the parent magma
(Boyle, 1989). Fractionation trends are difficult to determine accurately due to the
amount of scatter associated with phenocryst-rich rocks and partial alteration overprints.
However, trends for CaO, SiO2 and TiO2 versus MgO in all the Hasanbag rocks are
suggestive of fractionation of clinopyroxene, plagioclase, amphibole and Ti-Fe oxides.
In the AFM triangle, all the Hasanbag samples (except for two subvolcanic samples –
H15 and H29) fall in the calc-alkaline field of Irvine and Baragar (1971) and thereby
conform to a typical calc-alkaline trend (Fig. 5.23). The calc-alkaline andesitic and
basalitic andesite and the doleritic rocks have low K contents (except two samples that
fall in a medium-K range – H17 and H25; Fig. 5.24; cf. Le Maitre, 2002). The low K2O
values in most Hasanbag samples could be due to the albitization of plagioclase during
greenschist facies metamorphism (Cann, 1970). The majority of Hasanbag samples
show subalkaline compositions on the alkalis vs. SiO2 plot (Fig. 5.25). The Hasanbag
samples plot in the island-arc calc-alkaline field in the TiO2-MnO-P2O5 diagram
(Mullen, 1983; Fig. 5.26).
5.8.2 Variation of trace elements
5.8.2.1 Compatible Elements
The average values of Cr, Ni and Co in the Hasanbag samples are 63, 37 and 33 ppm,
respectively (see Table 5.2). Vanadium values in the Hasanbag samples range from 157619 ppm with an average 304 ppm. It shows a significant positive correlation
(predominantly for the subvolcanic samples) with Fe2O3 (Fig. 5.27f). The average value
of Ga in the Hasanbag samples is 16 ppm, and it shows significant positive correlation
with Zr (Fig. 5.27e). This indicates that Ga was concentrated in the remaining melt
phase. All compatible elements (Cr, Co, Ni and V) show significant positive correlation
with MgO in the Hasanbag samples indicative of a fractionation trend (Fig. 5.27a-d, f).

5.8.2.2 Incompatible Elements
Incompatible trace elements such as Sr (48-260 ppm), Rb (2.15-21.5 ppm), Ba (39.7223.95 ppm), Pb (0.4-6.2 ppm), Zr (93.6-190.9 ppm), Y (26.7-41.15 ppm), Nb (7.9519 ppm) and Th (1-2.75 ppm) are all negatively correlated with MgO (Fig. 5.27).
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However, the incompatible high field strength elements (HFSE) such as Zr, Y, Th, Nb,
Ta and Ce show clearer negative correlation trends with MgO (see Fig. 5.27). Moreover,
K2O displays a significant positive correlation with Rb and Ba in the Hasanbag samples
(Fig. 5.28).
5.9 Geochemical classification of the Hasanbag volcanic and subvolcanic rocks
Hasanbag volcanic and subvolcanic rocks are classified by using immobile minor and
trace elements such as Nb, Y, Ti, Th, Co and Zr. In the Nb/Y versus Zr/Ti (Pearce,
1996), Nb/Y versus Zr/TiO2 (Winchester and Floyd, 1977) and Th versus Co (Hastie et
al., 2007) nomenclature diagrams, all volcanic and subvolcanic rocks are calc-alkaline
basalt, andesite/basalt or andesite, except one subvolcanic sample (H20) that falls in the
dacite field. This conforms with their petrographic classification (Fig. 5.29a-c). The
majority of samples were clustered almost in the same field in most diagrams, in
keeping with their limited compositional spread in terms of the major oxides.
5.10 Tectonic affinity and discrimination diagrams for the Hasanbag volcanic and
subvolcanic rocks
Immobile, and sometimes mobile, elements and oxides have been used in the literature
to differentiate between different tectonic settings (Pearce, 1973, 1996; Pearce et al.,
1977; Winchester and Floyd, 1977). In order to determine the geotectonic setting of the
calc-alkaline volcanic and subvolcanic rocks from the Hasanbag area many tectonic
diagrams were utilized. Thus the calc-alkaline arc affinity is corroborated in three
diagrams: Zr-Ti, Zr-Ti/100-Sr and Zr-Ti/100-Y*3 (after Pearce and Cann, 1973; see
Figs 5.29a-b and 5.31). In addition, five tectono-magmatic discrimination diagrams
proposed by Pearce (1982), Shervais (1982), Meschede (1986) and Vermeesch (2006)
are commonly applied to distinguish within-plate alkaline basalts (WPB), mid-oceanic
ridge basalt (MORB), volcanic arc basalt (VAB) and ocean island basalt (OIB). When
the Hasanbag samples are plotted on these diagrams all samples fall in VAB field (see
Figs 5.32a-b and 5.33a-c) with exception of two subvolcanic samples in Figure 5.31 and
5.32b. Furthermore, the compositions of all the analysed Hasanbag clinopyroxenes were
plotted onto the tectono-magmatic discrimination ternary diagram SiO2/100-TiO2-Na2O
(Beccaluva et al., 1989), in which the majority of Hasanbag samples fall in the island-
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arc field and a few in the MORB field (Fig. 5.34). These observations all indicate that
the Hasanbag samples display a subduction signature.
Pearce (2008) used Nb and Th to discrimination between tectonic settings for basaltic
rocks, due to their similar behaviour during most petrogenetic processes and the
immobility for both Th and Nb during metamorphism to lower amphibolites facies.
Consequently, their ratios can be used for discrimination between tectonic settings.
Based on the Pearce model, Th is only added from slab-derived fluids/melts (Pearce et
al., 1995; Hawkesworth et al., 1997) while Nb and Yb remain nearly constant. The
subduction signature of volcanic and subvolcanic Hasanbag rocks is confirmed by the
Nb/Yb-Th/Yb diagram (Fig. 5.35a) which shows that the majority of samples fall in the
compositional field of arc-related rocks, above the field of the MORB-OIB mantle
array. Also based on the Pearce (2008) model, the Nb/Yb versus TiO2/Yb diagram is a
proxy for melting depth, with N-MORB and EMORB compositions plotting at low and
OIB at high TiO2/Yb ratios because of the greater depth of melting of the latter rock
types (Pearce, 2008). All Hasanbag samples follow the MORB shallow melting array
(see Fig. 5.35b). These diagrams confirm that the Hasanbag volcanic and subvolcanic
rocks were generated from the mantle overlying the subduction zone and metasomatized
by slab fluids (see Chapter Six, Fig. 6.5a-c).
5.11 Rare earth elements patterns
The chondrite-normalized REE patterns for the basaltic andesites, dolerite and diorite
rocks from the Hasanbag arc are similar in that they are enriched in light REE (LREE),
(normalizing value from Nakamura, 1974) with (La/Yb)N and (La/Sm) ranging between
2.9 to 7 and 1.8 to 2.93, respectively. REE abundances vary between 10 and 100 times
the chondrite values (Fig. 5.36a). Although, plagioclase is a significant fractionating
phase, no marked Eu anomaly is observed in any of the Hasanbag volcanic and
subvolcanic rocks (Eu/Eu* = 0.92-1.11; Eu/Eu* = EuN √[(SmN)*(GdN)];see Table 5.11
and Fig. 5.36a). In addition, the regular parallel pattern in all the Hasanbag samples
indicates a very low mobility. It is also clear from this diagram that the Hasanbag
samples show the same trend as the mean of Hassanbad arc rocks in the Neyriz ophiolite
in Iran but with more REE enrichment (see Fig. 5.36a).
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5.12 Multi-elements patterns (spider diagrams)
The element concentrations of representative volcanic and subvolcanic rocks from the
Hasanbag area have been normalized to the N-MORB values of Sun and McDonough
(1989; see Table 5.12) and then plotted in Figure 5.36b. It shows enrichment in the
large-ion lithophile elements (LILE; e.g. Th, Ba, Rb and Cs) and depletion in the high
field-strength elements (HFSE; e.g. Nb, P, Ce, Zr and Ti), confirming the subductionrelated character of the Hasanbag samples. Moreover, one of the clearest features in this
diagram is the positive anomaly for Th and negative anomaly for Nb (Fig. 5.36b). Th
enrichment and Nb depletion relative to other incompatible elements are considered to
represent a subduction zone component (Gill, 1981; Pearce, 1983; Wood, 1990;
Hawkesworth et al., 1991). However, K, Sr and Pb generally display negative anomalies
and show a greater variability in concentration than other LILE mobile elements. The
negative troughs of K and Sr may be related to retention of amphibole and/or biotite in
the source during melting (e.g., Wilson and Downes, 1991), or more likely reflect K and
Sr mobility during hydrothermal activity. The variability in concentrations and negative
anomaly of Pb may well be a consequence of the low abundance of this element in the
studied samples, which are mostly less than 1 ppm (with this value corresponding to the
detection limit for Pb). Thus, even slight processes of alteration may have had a large
effect on Pb concentrations without significantly altering other elements whose
abundances are higher. It is also clear that the N-MORB normalizing diagram for
Hasanbag samples shows a similar trend to the Hassanbad arc rocks from Neyriz in
southwestern Iran (see Fig. 5.36b).

212

213

214

215

216

217

218

219

Figure 5.1 (a-f). Selected binary diagrams showing major and trace elements variation of
both Walash and Naopurdan arc and back-arc volcanic and subvolcanic rocks. Symbols:
filled red square = Walash calc-alkaline samples; filled light red triangle = Walash
alkaline samples; blue cross = Naopurdan arc samples.
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Figure 5.2 (a-f). Selected binary diagrams showing major and trace elements variation of
both Walash and Naopurdan arc and back-arc volcanic and subvolcanic rocks. Symbols as
in Figure 5.1.
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Figure 5.3 (a-f). Selected binary diagrams showing major and trace elements variation of
both Walash and Naopurdan arc and back-arc volcanic and subvolcanic rocks. Symbols as
in Figure 5.1.
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Figure 5.4 (a-f). Selected binary diagrams showing major and trace elements variation of
both Walash and Naopurdan arc and back-arc volcanic and subvolcanic rocks. Symbols as
in Figure 5.1.
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Figure 5.5 (a-f). Selected binary diagrams showing major and trace elements variation of
both Walash and Naopurdan arc and back-arc volcanic and subvolcanic rocks. Symbols as
in Figure 5.1.
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Figure 5.6 (a-f). Selected binary diagrams showing major and trace elements variation of
both Walash and Naopurdan arc and back-arc volcanic and subvolcanic rocks. Symbols as
in Figure 5.1.
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Figure 5.7. Diagrams to discriminate different rock type in the Walash and Naopurdan
volcanic rocks: (a) Nb/Y versus Zr/Ti (after Pearce, 1996); (b) Nb/Y versus Zr/TiO2 (after
Winchester and Floyd, 1977). Symbols as in Figure 5.1.
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Figure 5.8. Diagrams showing magma types in the Naopurdan and Walash volcanic and
subvolcanic rocks: (a) Nb/Y versus Zr/P2O5*104 (after Winchester and Floyd, 1976); (b)
SiO2 versus alkalies (after Irvine and Baragar, 1971); (c) La/Yb versus Zr/Th (after Kerr
et al, 2002). Symbols as in Figure 5.1.
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Figure 5.8 Continued.
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Figure 5.9. Chondrite and NMORB normalized plots for the alkaline Walash volcanic and
subvolcanic rocks. Chondrite values are from Nakamura (1974) and NMORB values are
from Sun and McDonough (1989).
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Figure 5.10. Chondrite and NMORB normalized plots for the calc-alkaline Walash
volcanic and subvolcanic rocks. Chondrite values are from Nakamura (1974) and
NMORB values are from Sun and McDonough (1989).
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Figure 5.11. Chondrite and NMORB normalized plots for the Naopurdan island-arc
volcanic and subvolcanic rocks. Chondrite values are from Nakamura (1974) and
NMORB values are from Sun and McDonough (1989).
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Figure 5.12. Zr versus Y binary discrimination diagram to separate between arc and
within-plate environments for the Walash and Naopurdan volcanic and subvolcanic rocks
(after Muller et al., 2001). Symbols as in Figure 5.1.

Figure 5.13. Zr/Y versus Zr diagram to identify the tectonic environments for the Walash
and Naopurdan volcanic rocks (after Pearce and Norry, 1979; back-arc basin basalt
discrimination from Floyd et al., 1991). Symbols as in Figure 5.1.
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Figure 5.14. Tectonic discrimination diagram between V and Ti/1000 for the Walash and
Naopurdan volcanic rocks (after Shervais, 1982). IAT = island-arc tholeiitic, BAB =
back-arc basin basalts, CFB = continental flood basalts, and OIB = oceanic island basalts.
Symbols as in Figure 5.1.

Figure 5.15. Ti/Zr versus Zr diagram showing back-arc affinity for the Walash volcanic
rocks and arc affinity for the Naopurdan volcanic rocks (after Woodhead et al., 1993).
Symbols as in Figure 5.1.
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Figure 5.16. Zr versus V/Ti diagram showing back-arc affinity for the Walash volcanic
rocks and arc affinity for the Naopurdan volcanic rocks (after Woodhead et al., 1993).
Symbols as in Figure 5.1.

Figure 5.17. Variation diagram of Nb versus Zr for Naopurdan basalts and basaltic
andesites showing arc affinities while most Walash calc-alkaline samples show back-arc
affinities. Most Walash alkaline samples are beyond the scale of this diagram, because of
high Nb and Zr values that indicate a compositional field of intraplate rocks in a back-arc
setting similar to that of New Zealand and Patagonia (Tatsumi et al., 1995). Symbols as in
Figure 5.1.
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Figure 5.18. Composition of Naopurdan and Walash samples (after Wood, 1980).
Symbols as in Figure 5.1.
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Figure 5.19. Tectono-magmatic discrimination ternary diagrams SiO2/100-TiO2-Na2O for
clinopyroxene composition (a) show that Walash samples plot in the MORB (back-arc)
field, and (b) Naopurdan samples mostly plot in the IAT field (after Beccaluva et al.,
1989). Symbols as in Figure 5.1.
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Figure 5.20 (a). Th/Yb versus Nb/Yb diagram indicates an island arc character for all
samples, although Walash samples actually belong to a back-arc basin; and (b) Nb/Yb
versus TiO2/Yb diagram for the Walash and Naopurdan rocks (after Pearce, 2008) .The
trends for WPE = within-plate enrichment; SZ = subduction zone flux; CC = crustal
contamination; f = fractional crystallization. The positions of N-MORB, E-MORB and
OIB are plotted using the values given by Sun and McDonough (1989). Symbols as in
Figure 5.1.
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Figure 5.21. Plot of Walash-Naopurdan samples on a Ta/Yb versus Th/Yb diagram (after
Pearce, 1982). Symbols as in Figure 5.1.
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Figure 5.22. Major elements vs. MgO diagrams (all in wt %) for Late Cretaceous volcanic
and subvolcanic rocks from the Hasanbag area.
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Figure 5.22 (cont.). Major elements vs. MgO diagrams (all in wt%) for Late Cretaceous
volcanic and subvolcanic rocks from the Hasanbag area.

Figure 5.23. Major element distributions for volcanic and subvolcanic rocks from the
Hasanbag area. AFM: A = (Na2O + K2O); F = FeOt; M = MgO plot showing the
dominant subalkaline composition of the volcanic rocks (after Irvine and Barragar, 1971).
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Figure 5.24. SiO2 versus K2O plot for calc-alkaline volcanic and subvolcanic rocks from
Hasanbag (after Le Maitre, 2002).

Figure 5.25. Major element distributions of the volcanic and subvolcanic rocks from the
Hasanbag area. SiO2 vs. (Na2O + K2O) plot showing the dominant subalkaline
composition of the volcanic rocks (after Irvine and Barragar, 1971).
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Figure 5.26. Minor element distributions of the volcanic and subvolcanic rocks from the
Hasanbag area (see Table 1 for symbols): TiO2-MnO-P2O5 diagram showing the likely
eruptive settings of the rocks. OIT = ocean island tholeiite; MORB= mid-ocean ridge
basalt; IAT= island-arc tholeiite; OIA = ocean island andesite; CAB =calc-alkaline basalt.
After Mullen (1983).
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Figure 5.27. Selected trace elements vs MgO diagrams for Late Cretaceous volcanic and
subvolcanic rocks from the Hasanbag area.
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Figure 5.27 (cont.). Selected trace elements vs MgO diagrams for Late Cretaceous
volcanic and subvolcanic rocks from the Hasanbag area.
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Figure 5.27 (cont.). Selected trace elements vs MgO diagrams for Late Cretaceous
volcanic and subvolcanic rocks from the Hasanbag area.
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Figure 5.28. (a) K2O versus Rb and (b) K2O versus Ba.
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Figure 5.29. Chemical nomenclature diagrams of Hasanbag volcanic and subvolcanic arc
rocks: (a) Nb/Y versus Zr/Ti (Pearce, 1996); (b) Nb/Y versus Zr/TiO2 (Winchester and
Floyd, 1977); (c) Th-Co diagram (after Hastie et al., 2007). Red square is average of
Hassanbad volcanic arc from Neyriz, Iran (data from Babaie et al., 2001).
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Figure 5.29 (b). Nb/Y versus Zr/TiO2 (after Winchester and Floyd, 1977).

255

10

Figure 5.29 (c). Th-Co diagram (after Hastie et al., 2007).
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Fig.5.30 (a). Trace element distributions in the volcanic and subvolcanic rocks from the
Hasanbag area. Zr-Ti plot showing the dominant calc-alkaline composition of the rocks.
Red square is average of Hassanbad volcanic arc from Neyriz, Iran (Babaie, et al.,
2001). After Pearce and Cann (1973).
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5.3 Thol. basalts with CaO+MgO 12-20%
Ti/100

Island-arc A

Calc-alkali B

C
Ocean-floor C
A
B

Zr

Sr/2

Figure 5.30 (b). Zr-Sr-Ti plot showing the predominance of the CAB. OFB = ocean floor
basalt; IAB =island-arc basalt; CAB =calc-alkaline basalt. After Pearce and Cann (1973).

Figure 5.31. Zr-Y-Ti/100 plot showing the dominance of CAB in the Hasanbag volcanic
rocks. A and B = LKT; B = OFB; B and C = CAB; D = within plate basalt. Red square is
average of Hassanbad volcanic arc from Neyriz, Iran. After Pearce and Cann (1973).
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Figure 5.32 (a). Trace element distributions in the volcanic and subvolcanic rocks from
the Hasanbag area. The Nb-Zr-Y plot shows the predominance of volcanic arc basalt
compositions. AI-AII = within plate alkaline basalts; B = P-MORB; C = volcanic arc
basalt; D = N-MORB (after Meschede, 1986).

Figure 5.32 (b). Tectonic discrimination diagram between V and Ti/1000 of Hasanbag
volcanic and subvolcanic rocks (after Shervais, 1982).
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Figure 5.33 (a). Sm-Ti-V triangle discrimination diagram after Vermeesch (2006) shows
all Hasanbag samples fall in the island-arc basalt field.

Figure 5.33 (b). Cr versus Y discrimination diagram (after Pearce 1982).
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Figure 5.33 (c). Ba/Nb vs La/Nb plots of Hasanbag rocks, characterized by high Ba/Nb
and La/Nb ratios. All samples plot in the field of arc volcanic. Data for MORB and OIB
are from Le Roux (1986).

Figure 5.34. Tectono-magmatic discrimination ternary diagram SiO2/100-TiO2-Na2O
showing the chemical variability of clinopyroxene in Hasanbag basalts. MORB = midocean ridge basalt; IAT = island-arc tholeiite; BON = boninite (simplified after Beccaluva
et al., 1989).
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Figure 5.35 (a) Th/Yb vs Nb/Yb and (b) TiO2/Yb vs Nb/Yb diagrams (after Pearce,
2008). In (a) all samples plot in the arc volcanic field while in (b), all of the Hasanbag
rocks plot near the border line of the MORB array.
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Figure 5.36 Chondrite and NMORB normalized plots for the Hasanbag island arc
volcanic and subvolcanic rocks. Chondrite values are from Nakamura (1974) and
NMORB values are from Sun and McDonough (1989).
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Chapter Six
Petrogenesis and tectonic model
6.1 Introduction
In the previous chapters it was shown that the Hasanbag and Walash-Naopurdan Groups
are mostly basaltic rocks that originated due to different phases of intra-oceanic
subduction in the Cretaceous and Paleogene. Basaltic magmas erupted in island arcs are
created by partial melting of a mantle wedge lying above a subducted lithospheric slab
(Miyashiro, 1973; Arculus and Powell, 1986). The asthenospheric part of this mantle
wedge is most likely to melt and this asthenospheric mantle component could show
substantial pre-subduction heterogeneity (mixing between a MORB-source and an OIBsource). Trace element abundances provide a reliable fingerprint of these processes, and
discriminates between basalts formed in the suprasubduction environment from those
produced by dry decompressional melting (MORB and OIB; Gerya, et al., 2004; Pearce,
2008; Gerya and Meilick, 2011).
The behavior of immobile trace elements varies during partial melting and fractional
crystallization of the magmatic processes; some of them tend to stay in one phase (liquid
or solid) relative to other phases. Therefore, the behavior of these trace elements is
regarded as a very sensitive indicator of igneous petrogenesis (Wilson, 1989; Rollinson,
1993). Also in igneous rocks, immobile elements are used as powerful tools for
understanding petrogentic processes (Pearce, 1983; Rollinson, 1993; Green, 1995).
This chapter will monitor the affects of slab fluids and flux, mantle metasomatism on
the partial melting of mantle to produce basaltic magma, leading to appropriate tectonic
models for both the Hasanbag and Walash-Naopurdan Groups.
6.2 Batch and fractional melting/crystallisation processes
Two end-member models can characterise trace element fractionation in partial melting
and crystallisation processes. ‘In fractional melting also known as Rayleigh melting,
only a small amount of liquid is produced and instantly isolated from the source.
Equilibrium is therefore only achieved between the melt and the surfaces of mineral
grains in the source region’. ‘In batch melting, also known as equilibrium fusion and
equilibrium partial melting, describes the formation of a partial melt in which the melt is
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continually reacting and re-equilibrating with the solid residue at site of melting until
mechanical conditions allow it to escape as a single ‘batch’ of magma’ (Rollinson,
1993). In the context of magma generation in the arc environment, batch melting is
considered most realistic (Rollinson, 1993). The mathematical explanation for batch
partial melting is represented by the presence of trace elements in the melt as partial
melting evolves (Neumann et al., 1954; Gast, 1968; Shaw, 1970; Hertogen, 1976;
Allegre et al., 1977; Hanson and Langmuir, 1978; Minster and Allegre, 1978):
C i L/ C i O = 1 / [Do + F (1-P)]
where:
C i L = trace element concentration (i) in the melt;
C i O = trace element concentration (i) in the solid;
F = melt fractionation or melting range;
Do = bulk partition coefficient of residual solid; and
P = bulk distribution coefficient of the minerals which make up the melt
During the fractional crystallisation of magma as it ascends, Rayleigh fractionation is
considered the most appropriate mathematical model (Minster and Allegre, 1978; Pearce
and Norry, 1979), and this will be applied to the Hasanbag and Walash-Naopurdan
suites to account for their internal compositional variation. The mathematical
explanation of the fractional crystallization process is represented by the Rayleigh law
(Rollinson, 1993).
C i L/ C i O = F (Di-1)
Where:
C i L = trace element concentration (i) in the melt;
C i O = trace element concentration (i) in the solid;
F

= melt fractionation or melting range; and

Di = partition coefficient of trace element
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6.3. Classification of trace elements during the magmatic processes
6.3.1 Incompatible elements
The partition coefficients (Di) of hygromagmatophile elements like Zr, Nb and Y are
much less than unity; i.e. Di <<< 1. They are concentrated in the magma during partial
melting and fractional crystallization processes. The partition coefficients (Di) of the
magmatophile elements like Sr, V and Ti are less than unity; i.e. Di < 1. Generally,
hygromagmatophile and magmatophile elements are grouped together as incompatible
elements (see Table 6.1 for incompatible element partition coefficients).
6.3.2 Compatible elements
The partition coefficients of the compatible elements like Ni, Cr and Co are greater than
unity (Di > 1). They enter the solid phase in the initial stage of fractional crystallization
or stay in the residual solid during partial melting. These elements are used to determine
the type of primordial magma, for example, Ni is partitioned strongly into olivine,
whereas Cr mainly enters chromite and to a lesser degree in clinopyroxene (see Table
6.2).

6.4 The Late Cretaceous Hasanbag volcanic and sub-volcanic rocks
6.4.1 Zr-Zr/Y diagram
This diagram provides beneficial information about the nature and source of the parental
magma. It shows a logarithmic relation between Zr, which represents a fractionation
index, and the Zr/Y ratio, a factor for partial melting variation, as proposed by Pearce
and Norry (1979). The Hasanbag volcanic and subvolcanic samples on this diagram
display a clear increase in Zr/Y as Zr increases, which indicates that these rocks were
fractionated from a partially melted slightly enriched mantle source (see Fig. 6.1a). The
Hasanbag sample pathway is parallel to the mantle evolution trend, but does not fall on
the trend due to the effects of fractional crystallization on the primordial magma as the
magma ascends to the surface. In addition, the trend of Hasanbad arc samples is similar
to that of the Neyriz ophiolites in Iran (see Fig. 6.1a). Figure 6.1b, shows a simple
equilibrium partial melting diagram adapted to model primary melt composition from a
simple mantle lherzolite having about 2000 ppm Cr (Pearce 1982; Malpas et al., 1994).
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When applied to the data from the Hasanbag island arc, this model confirms that both
volcanic and subvolcanics types of Hasanbag samples have a volcanic arc basalt (VAB)
affinity and that they could have been derived from a common initial melt. Based on
both the Zr/Y-Zr (Pearce, 1980) and Y-Cr (Malpas et al., 1994) diagrams, it is clear that
the basalts, basaltic andesites and associated dykes lie along a fractional crystallization
trend that is controlled by removal of clinopyroxene and plagioclase (see Fig. 6.1b).
Furthermore, they show that these rocks were formed from a melt that was produced
from 15 to 25% partial melting of a mantle lherzolite.
6.4.2 Nd/Ce-Nd diagram
The Nd/Ce-Nd diagram represents the relationship between the Nd/Ce ratio
(hygromagmatophile element/magmatophile element) with Nd. The effects of magma
processes depend on the partition coefficient (D) of the hygromagmatophile element
(DNd) and the magmatophile element (DCe). The partial melting pathway is almost a
straight line with a slope of +1, while the fractional crystallization pathway (trend) is a
horizontal line (Fig. 6.2). The Nd/Ce ratio increases with evolving partial melting.
Plotting the Hasanbag samples on this figure shows the pathway of these rock samples
is completely parallel to the fractional crystallization pathway. This trend (pathway)
gives evidence of fractional crystallization effects on the primitive magma.
6.4.3 Al2O3/TiO2-Ti diagram
This diagram was proposed by Pearce and Flower (1977) and plotted Al2O3/TiO2 ratio
against titanium Ti. When plotted on this diagram, the present study samples are shown
to have formed by fractional crystallization with a pathway parallel to clinopyroxene
and plagioclase (Fig. 6.3) confirming that these two minerals are the major phases that
crystallized from the primitive mantle during fractional crystallization processes.
6.4.4 Ni-Cr diagram
The relation between the compatible elements Ni and Cr are plotted logarithmically
(Fig. 6.4). This figure is used to infer the evolving trends of magmas and identify the
minerals which are expected to form first during crystallization. On projecting the
Hasanbag volcanic and sub-volcanic rock samples onto this figure, it is evident that they
form a linear relationship parallel to clinopyroxene with dispersion in the plagioclase
direction. This diagram indicates that clinopyroxene had crystallized first instead of
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olivine. The greater Cr depletion in comparison to Ni suggests that clinopyroxene
crystallized as the first phase in mafic rocks (Hughes, 1982).
6.4.5 Zr/Nb-Th/Zr, Zr/Nb-Ce/Y, Ba/La-Th/Yb and Th/Y-Nb/Ydiagrams
In most subduction zones, the subducted slab dehydrates and large ionic lithophile (LIL)
element-rich fluids are released into the mantle wedge, inducing both metasomatism and
partial melting. As Hasanbag volcanic and subvolcanic rocks show negative Nb, Ti and
P anomalies (see Chapter Five, Fig. 5.36b), the metasomatic media were probably fluids
rather than melts (Smithies et al., 2004). It is clear from Figure 6.5a and b that the
constant Zr/Nb ratios with increasing Th/Zr and Ce/Y are consistent with the addition of
slab-derived fluids to the mantle source. Similarly, Figure 6.5c show low Ba/La ratio
might suggest that the Hasanbag rocks formed slightly more distant from the subduction
zone. Figure 6.5d suggests that the Hasanbag arc rocks have Th/Y ratios only slightly
elevated above the mantle array, which support fluid addition to the source (Elliott et al.,
1997; Woodhead et al., 1998; Harangi et al., 2007).
6.4.6 Zr/Y-Nb/Y diagram
Hasanbag volcanic and subvolcanic rocks consistently plot into the enriched component
region in the Zr/Y versus Nb/Y diagram (Fig. 6.6), which indicates their source was
enriched by subduction metasomatism (Condie, 2005).
6.5 Assessing crustal assimilation diagrams for Hasanbag volcanic and subvolcanic
rocks
A first priority in evaluating the significance of contamination is to identify diagnostic
geochemical signatures for the magmatic suite in question. However, there is no
universal answer to this question. The critical elements will depend on the nature and
composition of the relevant crustal materials and on the depth at which contamination
takes place (Hawkesworth and Clarke, 1994). The possible contributions from the lower
crust to the magma composition (i.e. assimilation and fractional crystallization (AFC)
processes; DePaolo, 1981), as well as magma mixing phenomena, can be investigated
using the Th/Nb elemental ratios plotted versus Zr (Fig. 6.7). In this diagram
LILE/HFSE ratios, which should not be significantly affected by fractional
crystallisation, are plotted against an incompatible trace element whose abundance
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increases as fractionation increases. Such a diagram allows distinction between
magmatic evolution controlled by simple fractional crystallization in a closed system,
that produces an almost horizontal trend with increasing fractionation, and evolution
influenced by additional processes. Hasanbag rocks define trends characterized by
essentially constant Th/Nb elemental ratios (Fig. 6.7a), implying that fractional
crystallization is the most effective process during magmatic differentiation.
Comparable conclusions can be achieved by observing the generally high Zr/Th ratios
(~40) displayed by Hasanbag rocks (see Fig. 6.7b; Nicolae and Saccani, 2003).
6.6 The Tertiary Walash-Naopurdan volcanic and sub-volcanic rocks
6.6.1 Zr-Zr/Y diagram
Walash samples exhibit obvious increases in Zr/Y and increases in Zr, which indicate
that the Walash rocks are fractionated (mostly less than 15%) from a partially melted
enriched mantle source (with the exception of four Walash samples which show more of
an arc signature similar to Naopurdan samples; see Fig. 6.8). In contrast, the Naopurdan
samples are fractionated (mostly more than 20%) from a partially melted depleted
mantle source.
6.6.2 Nd/Ce-Nd, Al2O3/TiO2-Ti and Ni-Cr diagrams
Plotting the Walash-Naopurdan rocks on Nd/Ce-Nd, Al2O3/TiO2-Ti and Ni-Cr diagrams
shows that the development trends of these rocks are entirely parallel to fractional
crystallization trends (see Fig. 6.9) and confirmed that clinopyroxene and plagioclase
are the major components that crystallize from the primitive mantle during fractional
crystallization processes (see Figures 6.10 and 6.11).
6.6.3 Nb/Y-Rb/Y diagram
Rb/Y and Nb/Y were employed by Kapezhinskas et al. (1996) to test for element
mobility and the affect on the mantle of transported fluids. Figure 6.12 shows an
increasing Rb/Y ratio with a slightly increasing Nb/Y ratio for the Naopurdan samples,
indicating transfer of a Rb-bearing fluid to the mantle source. In contrast, most of the
Walash calc-alkaline and alkaline samples show trends that are parallel with slab melt
interaction. Melt-related enrichment increases from the Walash calc-alkaline rocks
towards the Walash alkaline rocks in the Galalah-Choman area (see Fig. 6.12).
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6.6.4 Ta/Nd-Th/Nb diagram
Aldanmaz et al. (2008) proposed a Ta/Nd versus Th/Nb diagram to demonstrate the
compositional effects of the slab-derived components and the enriched versus depleted
mantle sources on the composition of oceanic basalts. Two separate trends deviate
strongly from the NMORB composition in Figure 6.13. The first trend is defined by
MORB-OIB compositions and is characterized by increasing Ta/Nd ratios at nearly
constant Th/Nb, which is displayed by the Walash volcanic rocks (both calc-alkaline
and alkaline). This trend could be the result of two reasons; the first one is mixing
between melts from MORB- and OIB-type sources; and second is a variable degree of
partial melting of a source similar in composition to the depleted MORB mantle.
The second trend, conversely, show increases in Th/Nb ratios with no important change
in Ta/Nd. This horizontal trend, which is defined by the compositions of the Naopurdan
arc tholeiite lavas, can be interpreted to represent MORB-subduction component
mixing, or addition of subduction components to a depleted MORB mantle source prior
to mantle melting to produce oceanic crust with a composition resembling typical arc
and some back-arc basin lavas.
6.6.5 Ce-Yb diagram
Naopurdan samples have low Ce/Yb values in which Ce and Yb vary together, whereas
the second Walash samples have much higher and more variable Ce contents but a
similar Yb abundance (Fig.6.14, cf. Hawkesworth et al., 1991). This diagram shows an
obvious distinction between the Walash and Naopurdan Groups. It requires major
differences in either the REE profiles of the source rocks for the two groups, and/or
differences in the bulk distribution coefficients and the degree of melting.
6.6.6 Nb/Y-Th/Y diagram
Harangi et al. (2007) used a Nb/Y vs. Th/Y diagram to show changes in the mantle
source, that is, from metasomatism of an E-MORB source mantle for the calc-alkaline
Walash samples to a more enriched, ocean island basalt (OIB) source for the alkaline
Walash samples and an arc source for the Naopurdan samples. It is clear from this
diagram (Fig. 6.15) that the Naopurdan samples indicate sediment melt metasomatism,
whereas the Walash samples are parallel to mantle source changes. This supports that
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the Walash and Naopurdan samples were formed from different back-arc and arc
sources, respectively.
6.7 Tectonic model: Cretaceous and Tertiary multistage evolution
Geochemical signatures for all the (Cretaceous) Hasanbag samples plot in the calcalkaline field. Also the amount of TiO2 in these rocks is lower than in MORB basalts
while in comparison with N-MORB it is enriched in LILE (Ba, Rb, U, Th) and LREE
(La, Ce) and depleted in Nb and Ti relative to MORB. These data infer that the
Hasanbag basaltic to andesitic rocks originated from a N-MORB mantle source that had
been metasomatised by slab fluids. These relationships suggest that the Hasanbag basalt
was generated above a subduction zone. When the slab descends in the subduction zone,
the fluids which are released at lower temperatures have more Pb and less Th and U
(Moris and Rayan, 2003). As a result, a magmatic rock which is generated near the
trench is enriched in Pb and Ba compared with Th and U and so in N-MORB
normalized plots they show a positive Pb anomaly. However, the Hasanbag samples
show both positive and negative anomalies in the N-MORB normalize plot which
confirms the mobility of Pb (see Chapter Five, Fig. 5.36b). When the slab goes deeper
the metasomatic fluids are enriched at first in Th and then continue to be enriched in U
(Moris and Rayan, 2003). Furthermore, the Hasanbag samples show low contents of Nb
and Ti compared to N-MORB, which shows may have originated from garnet, rutile and
ilmenite stability (more than 70 km depth). Consequently these observations all indicate
that the Hasanbag samples display a supra-subduction zone geochemical signature.
It is evident from the geochemistry and the tectono-magmatic discrimination diagrams
of the (Tertiary) Walash and Naopurdan volcanics and subvolcanic rocks, that there is a
clear difference in the genetic and tectonic environments between them. Thus, it is
possible to suggest that the Naopurdan volcanic rocks represent volcanic arc basalts
(Pearce and Cann, 1973) whereas most Walash volcanic rocks show the characteristics
of mid-ocean ridge basalts that normally form within diverging plate margins (including
back-arc basin; Wilson, 1989).
Based on field, geochronological, petrographic, geochemical and petrogenetic data, it is
clear that Hasanbag volcanic and subvolcanic rocks were generated in an arc, suprasubduction zone environment, whereas an arc and back-arc setting is the tectonic
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environment for the Walash-Naopurdan rocks. Therefore, the following tectonic model
is suggested here for the development of both the Late Cretaceous Hasanbag arc and
Eocene-Oligocene Walash-Naopurdan arc and back-arc rocks.
1- Rifting along the present Zagros fold and thrust belt took place in Permian to Triassic
time, resulting in the opening of the Neo-Tethys Ocean (Berberian and King, 1981,
Saidi et al., 1997; Ali et al., in press, see Fig. 6.16A).
2- During the Early Cretaceous subduction of part of the Neotethyan oceanic crust
towards the east and northeast developed an ophiolite/arc complex (basaltic andesites
and andesites) represented by the Hasanbag rocks (106-92 Ma; see Fig. 6.16B). This
was distal from Eurasia which lay on the northeastern margin of Neo-Tethys.
3- Collision of the Hasanbag ophiolite/arc complex onto the Arabian passive margin
occurred during the Late Cretaceous. This coincides with obduction of other
ophiolites, including the Kermanshah-Penjween ophiolites, over the northeastern
margin of the Arabian plate (Mohajjel at al. 2003; Jassim and Goff, 2006, Ali et al.,
in press).
4- Initiation of new Neotethyan intra-oceanic subduction probably occurred in the Late
Maastrichtian-Early Paleocene? (see Fig. 6.16C) following collision and obduction of
the Hasanbag arc complex.
5- Walash calc-alkaline back-arc magmatism commenced in the Eocene (43-34 Ma).
6- Slab rollback resulted in trenchward migration of island-arc tholeiitic volcanism
represented by the Naopurdan volcanic rocks (33-24 Ma). Limited alkaline
volcanism continued within the Walash back-arc region and is represented by the
Galalah-Choman volcanic rocks (see Fig.6.16 E).
7- Collision of the Walash-Naopurdan arc – back-arc system with the Arabian
continental passive margin during the Early Miocene (23-16? Ma), resulted in
cessation of magmatism (see Fig. 6.16F).
8- Final continent-continent collision between the Iranian-Turkish and Arabian
continents occurred during the Middle? Miocene (see Fig. 6.16G).
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Figure 6.1 (a) Zr/Y ratio against Zr used to construct genetic pathways for derivation of each suite from a
C3 which represent primordial mantle composition (after Pearce and Norry, 1979), where the Hasanbag
rocks evolution trend is parallel to the line of mantle partial melting evolution. (b) Cr vs Y log plot for the
Hasanbag volcanic and subvolcanic rocks, showing partial melting trends of a lherzolitic mantle source
and fractional crystallization paths for all the basalts. MORB, mid ocean basalt; WPA, within plate basalt;
VAB, volcanic arc basalt (modified after Malpas et al., 1994).
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Figure 6.2 Nd/Ce-Nd (after Pearce, 1980) diagram showing fractional crystalization and partial melting
trends of Hasanbag volcanic and subvolcanic rocks.

Figure 6.3 Al2O3/TiO2 against Ti showing the evolution trend of Hasanbag volcanic and subvolcanic
rocks that is parallel to clinopyroxene: plagioclase. (after Pearce and Flower, 1977).

277

Figure 6.4 Ni versus Cr shows the fractionation trend of Hasanbag volcanic and subvolcanic
rocks
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Figure 6.5 (a) Zr/Nb vs. Th/Zr, (b) Zr/Nb vs. Ce/Y and (c) Ba/La vs. Th/Yb diagrams illustrating
that the Hasanbag volcanic and subvolcanic rocks have been metasomatized by fluid derived
from the slab dehydration, (d) Nb/Y vs. Th/Y for Hasanbag arc rocks, the slightly elevated Th/Y
ratio of the Hasanbag arc can be explained by addition of sedimentary melt to the source.
Pannonian Basin AB (alkaline basalts) is from Embey-Isztin et al., 1995.
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Figure 6.5 (continued) (c) Ba/La vs. Th/Yband (d) Nb/Y vs. Th/Y.
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Fig. 6.6 Plot of Nb/Yb vs Zr/Y. Arrows indicate effects of batch melting (F) and subduction
(SUB). Abbreviations: PM, primitive mantle; ARC, arc-related basalts; DM, shallow depleted
mantle; N-MORB, normal ocean ridge basalt; DEP, deep depleted mantle; REC, recycled
component; EN, enriched component (after Condie, 2005).
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Figure 6.7 (a) Zr vs. Th/Nb plot for volcanic and sub-volcanic rocks from Hasanbag rocks.
Schematic trends reflecting increasing fractional crystallization (FC), assimilation-fractional
crystallization (AFC), and bulk assimilation (BA) are also reported; (b) Zr vs. Th plot for
volcanic and sub-volcanic rocks from Hasanbag calc-alkaline rocks.
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Figure 6.8. Zr/Y ratio plotted against Zr used to construct genetic pathways for derivation of
each suite from a C3 which represent primordial Mantle composition (after Pearce and Norry,
1979), where the Walash back-arc (a) and Naopurdan arc (b) evolution trend is parallel to the
line of mantle partial melting evolution. Blue cross (Naopurdan IAT), red square (Walash CA),
red triangle (Walash alkaline).
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Figure 6.9 Nd/Ce-Nd (after Pearce, 1980) diagram showing fractional crystalization and partial melting
trends of Walash-Naopurdan volcanic and subvolcanic rocks. Symbols as in Figure 6.8.

Figure 6.10 Al2O3/TiO2 against Ti showing the evolution trend of both Walash and Naopurdan volcanic
and subvolcanic rocks that is parallel to clinopyroxene: plagioclase. (after Pearce and Flower, 1977).
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Figure 6.11 Ni versus Cr showing the fractionation trend of Walash-Naopurdan volcanic and subvolcanic
rocks. Symbols as in Figure 6.8.

Figure 6.12 Nb/Y vs. Rb/Y for both Walash and Naopurdan volcanic and subvolcanic rocks (after
Kapezhinskas et al., 1996). Symbols as in Figure 6.8.
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Figure 6.13 Variation of Ta/Nd with Th/Nb for the MORB-, OIB of Walash volcanic rocks and SSZ-type
basaltic Naopurdan lavas from the Tethyan suture zone in NE Iraq. The predicted mixing trend between
MORB and OIB compositions defines the vertical trend comprising the compositional variations of the
MORB- and OIB-type lavas from Walash (both CAB Mawat and alkaline Galalah-Choman, while the
model prediction constituting the subduction influx into the depleted MORB mantle can account for the
compositions of the Naopurdan lavas with SSZ geochemical signatures. End-member components shown
in the figure are defined by 17% melting of a depleted mantle source (A), 4%melting of an enriched
mantle source (B) and 20% melting of a subduction-enriched mantle source (C) after Aldanmaz et al.,
2008. Symbols as in Figure 6.8.

Figure 6.14 Ce vs. Yb diagram shows the diverse petrongenesis between the Walash back-arc and
Naopurdan arc rocks. Symbols as in Figure 6.8.
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Figure 6.15 Nb/Y vs. Th/Y for Walash-Naopurdan rocks. The elevated Th/Y ratio of the
Naopurdan arc can be explained by addition of sedimentary melt to the source while the strong
variation in the Walash back-arc rocks indicates a change in the mantle source and involvement
of increasing OIB-like mantle component. Pannonian Basin AB (alkaline basalts) is from
Embey-Isztin et al., 1995. Symbols as in Figure 6.8.
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Figure 6.16 Schematic diagram presents tectonic evolution model of Hasanbag arc and WalashNaopurdan arc-back arc within Zagros thrust zone.
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Table 6.1 Mineral/melt partition coefficients for incompatible elements in basaltic and
basaltic andesite liquids (data from Rollinson, 1993).

Incompatible DOlivine
elements

DOpx

DCpx

DHb

DGarnet

DPlagioclase D

Zr

0.012

0.18

0.100

0.50

0.65

0.048

0.10

Y

0.010

0.18

0.900

1.00

9.00

0.030

0.20

Nb

0.010

0.15

0.005

0.80

0.02

0.010

0.4

Magnetite

Table 6.2 Mineral/melt partition coefficients for compatible elements in basaltic and
basaltic andesite liquids (data from Rollinson, 1993).

Compatible
elements

DOlivine

DOpx

DCpx

DHb

Ni

5.9-2.9

5

1.5-14

6.8

Co

6.6

2-4

0.5-2

2

0.66

7.4

Cr

0.7

10

34

12.5

2.6

153
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DGarnet

D Magnetite
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Chapter Seven
Discussion and conclusions
7.1 Discussion
7.1.1. Timing and duration of the Walash-Naopurdan and Hasanbag volcanism
Until this study, the ages of the Naopurdan volcanic rocks were not well constrained.
However, The Walash volcanic and subvolcanic rocks have been dated by Koyi( 2006 )
and were given of ( 32.3 -43 Ma ) using Ar -Ar method and recent microfacies and
foraminiferal studies of the sedimentary rocks in the Walash volcano-sedimentary group
suggest a Lutetian age (42.5-48 Ma; Al-Banna and Al-Mutawali, 2008) and deepeningupward depositional environment during continued convergence. This age overlaps with
the more precise Ar-Ar feldspar age in the present study (43.01±0.15 Ma for Walash
back-arc rocks from the Mawat province). Also, for the first time Naopurdan arc rocks
have been dated, and yield an Oligocene age (33.42±0.44 to 24.31±0.06 Ma).
The Hasanbag rocks have also been dated for the first time. Previously, based on
lithological similarities, the Hasanbag rocks were regarded as part of the Cenozoic
Walash Group. However, hornblende Ar-Ar results indicate that they are Late
Cretaceous (106-92 Ma, i.e. Albian-Turonian). Thus they are designated as part of the
regional ophiolite-bearing terranes ‘Upper Allochthon’ (i.e. Gemo-Qandil Group;
Jassim et al., 2006). The Hasanbag rocks are an igneous complex comprised of volcanic
rocks of arc affinity, cross-cut by intrusive rocks (i.e. dolerite and diorite dykes), to form
the Hasanbag arc complex (HAC). The volcanic suite consists of mainly andesite and
basaltic andesite. The discovery of Late Cretaceous arc rocks documents a previously
unknown episode of arc magmatism in the Iraqi portion of the Zagros Thrust Zone. The
Late Cretaceous age of the HAC is comparable with other Late Cretaceous Tethyan
ophiolites; 90-94 Ma for Troodos plagiogranite (U-Pb zircon; Mukasa and Ludden,
1987); 95 Ma for Oman plagiogranite (U-Pb zircon; Hacker et al., 1996); 91-92 Ma for
Kizildag plagiogranite (U-Pb zircon; Dilek and Thy, 2009); 92-93 Ma for Neyriz
hornblende gabbros (40Ar-39Ar; Babaie et al., 2006) and 93 Ma for Nain gabbros (K-Ar;
Shafaii Moghadam et al., 2009; for more details see Shafaii et al., 2011). The HAC is
thus a remnant of an ophiolite/arc complex of Albian-Cenomanian age (Upper
Allochthonous Sheet), which was accreted onto the Arabian continent in the Paleocene
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and subsequently juxtaposed or over-ridden by the Tertiary volcano-sedimentary
succession of Walash-Naopurdan Group (Lower Allochthonous Sheet). This nappe
stack of two allochthonous sheets is emplaced over the accretionary complex and
foreland basin of the Arabian platform. These Iraqi Cretaceous and Tertiary arc-related
assemblages point to the progressive closure of Neotethys by two subduction systems
along the entire fringe of the Arabian microcontinent, from Cyprus and Turkey in the
northwest to Oman in the southeast.
7.1.2. Petrography
As demonstrated in Chapter four, the volcanic and subvolcanic rocks from the Late
Cretaceous Hasanbag and the Eocene-Oligocene Walash-Naopurdan arc and back-arc
rocks are petrographically diverse. The Hasanbag volcanic and subvolcanic rocks have
fresh phenocrysts but usually an altered matrix, whereas the Walash back-arc samples
range from relatively fresh (Galalah samples) to having slight secondary alteration
(Naopurdan samples) to highly altered (Choman samples). These petrographic contrasts
between the Hasanbag arc and the Walash-Naopurdan arc to back-arc rocks could be
related to contrasting styles of arc-collision, thrusting and uplift history of the different
allochthons.
The crystallization of amphibole plays a major role in the evolution of a magma in
island arc settings, providing a much stronger influence on magma differentiation than
plagioclase crystallisation, as pointed out by Larocque and Canil (2010). The magmatic
hornblende crystals in H23 (volcanic) and H20 (dyke) are similar in that they contain
the high-Ti amphibole kaersutite (i.e. titanium 0.43<Ti<0.63 pfu). The mineral
chemistry and textural history of hornblende as well as mode of occurrence of the
Hasanbag rocks are consistent with final magma emplacement at low pressure (e.g.
sample H20) and/or extrusion (e.g. sample H23) with the possibility that kaersutite is
formed at relatively higher pressure (i.e. 305 to 413 MPa at temperature ranging from
947 to1002°C) and were brought up as quench crystals with the ascending magma. The
hornblendes have relative fO2 values of ∆NNO -0.1 to +1.2 and lower H2Omelt (3.2-6.6
wt%). Consequently, the similar compositions could indicate that the Hasanbag volcanic
and subvolcanic rocks were formed from the same magma source.
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7.1.3. Geochemistry
Geochemical data has shown that there are three magmatic provinces in the northeastern
Iraqi Zagros thrust zone, which differ in age and composition namely; the Late
Cretaceous Hasanbag ophiolite/arc complex, the Eocene Walash back-arc group and the
Oligocene Naopurdan arc group.
The Hasanbag rocks are all mafic to intermediate. Most major oxide variations display a
clear negative or positive correlation with increasing MgO content, reflecting the vital
role of fractional crystallization processes during the evolution of the Hasanbag rocks.
In addition, geochemical variation in the Hasanbag rocks can be explained by
fractionation of plagioclase, clinopyroxene, hornblende, magnetite and apatite. Overall,
the geochemical data indicate magmatic evolution of a low-K calc-alkaline suite. The
anomalously low K2O values in most Hasanbag samples are attributed to ionic exchange
during greenschist facies metamorphism, causing albitisation (cf., Cann, 1970).
Hasanbag sample chondrite-normalised trace element patterns show enrichment in LIL
(i.e., Sr, Rb, Ba and Ce) and negative anomalies in Nb and Ti. These features, jointly
with the high Ba/Nb (3.38-17.47) and Nb/Y (0.3-0.46) ratios indicate a mantle source
region enriched by subduction processes (cf., Pearce et al., 1994; Pearce, 2008).
Involvement of convecting asthenosphere and/or extremely depleted mantle with more
extensive hydrous fluid input generated IAT/calc-alkaline and boninitic magmas,
respectively (Ishizuka et al., 2006, 2010). Furthermore, high concentrations of
incompatible elements and high Nb/Yb for most Hasanbag samples imply that they have
an E-MORB- like affinity rather than N-MORB with their flat REE patterns. This may
be a result of asthenospheric upwelling associated with subduction initiation and the
subsequent formation of a supra-subduction zone ophiolite-arc complex (Pearce et al.,
1984; Shervai, 2001)
An arc setting for Hasanbag rocks in the northeastern Iraqi Zagros thrust zone is
consistently indicated by several tectono-magmatic discrimination diagrams proposed
by Pearce (1982), Shervais (1982), Meschede (1986) and Vermeesch (2006; see chapter
5.10). Moreover, Pearce (2008) used Nb and Th to discriminate between tectonic
settings for basaltic rocks, due to their similar behaviour during most petrogenetic
processes and the restricted immobility for both Th and Nb during metamorphism to
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lower amphibolites facies. Consequently, their ratios can be used for discrimination
between tectonic settings. Based on the Pearce model, Th is only added from slabderived fluids/melts (Pearce et al., 1995; Hawkesworth et al., 1997) while Nb and Yb
remain nearly constant. The subduction signature of volcanic and subvolcanic Hasanbag
rocks is confirmed by the Nb/Yb-Th/Yb diagram (Fig. 5.35a) which shows that all the
Hasanbag samples fall in the compositional field of arc-related rocks and above the field
of the MORB-OIB mantle array. This diagram confirms that the Hasanbag volcanic and
subvolcanic rocks were generated from the mantle overlying the subduction zone and
metasomatized by slab fluids (see Chapter Six, Fig. 6.5a-c). However, the muted
depletion of Ta and Nb (Fig. 5.36b), is a characteristic noted in suprasubduction zone
environments (Leat et al., 2004) combined with lower Ba/La ratios might suggest that
the Hasanbag rocks are formed slightly more distant from the subduction zone and
possibly in a proximal back-arc basin.
The chondrite-normalized REE and multi-element patterns thus confirm the subductionrelated character of the Hasanbag samples. Most obvious is the enrichment in the largeion lithophile elements (LILE; e.g. Th, Ba, Rb and Cs) and depletion in the high fieldstrength elements (HFSE; e.g. Nb, P, Ce, Zr and Ti). Moreover, one of the clearest
features in this diagram is the positive anomaly for Th and negative anomaly for Nb
(Fig. 5.36b). Th enrichment and Nb depletion relative to other incompatible elements
are considered to represent a subduction zone component (Gill, 1981; Pearce, 1983;
Wood, 1990; Hawkesworth et al., 1991). However, K, Sr and Pb generally display
negative anomalies and show a greater variability in concentration than other LILE
mobile elements. The negative troughs of K and Sr may be related to retention of
amphibole and/or biotite in the source during melting (e.g., Wilson and Downes, 1991),
or possibly reflect K and Sr mobility during hydrothermal activity. On the other hand
the variability in concentrations and negative anomaly of Pb may well be a consequence
of the low abundance of this element in the studied samples, which are mostly less than
1 ppm; at the detection limit for Pb. Thus, even slight processes of alteration may have
had a large effect on Pb concentrations without significantly altering other elements
whose abundances are higher. It is also clear that the N-MORB normalizing diagram for
Hasanbag samples shows a similar trend to the Hassanbad arc rocks from Neyriz in
southwestern Iran (see Fig. 5.36b).
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The Palaeogene Walash-Naopurdan arc to back-arc rocks are all mafic to intermediate,
with a wide variation in silica content. MgO displays significant negative correlations
with SiO2, TiO2, Na2O, Zr, Th, Nb, Y and Ga, and positive correlations with CaO, Mg#,
Ni, Cr, Co and Al2O3 (see chapter five) in both the Walash and Naopurdan volcanic and
subvolcanic rocks. These correlations can be explained by the separation of the
plagioclase and ferromagnesian minerals (such as clinopyroxene, Ti-bearing opaques
and olivine) from the liquid by fractional crystallization. Despite the high amount of
chlorite in most of the Walash and Naopurdan samples, the low MgO content in most
samples is related to the absence of olivine and the low amphibole (Mg-hornblende)
content, whereas the higher MgO values are observed in a number of Choman (Walash
alkaline) and Leren (Naopurdan IAT) samples due to existence of olivine in the Choman
samples and amphibole in the Naopurdan samples as phenocrysts and/or in the
groundmass. The low K2O values in most of Walash-Naopurdan samples could be due
to the albitization of plagioclase during greenschist facies metamorphism (cf., Cann,
1970).

The contrast in HFSE (i.e. Zr, Y and Hf) abundance between the Walash and Naopurdan
samples confirms the difference in their tectonic setting and degree of partial melting
(cf., Woodhead et al., 1993). The low concentrations of incompatible elements and low
Nb/Yb for most of Naopurdan samples imply that the primary tholeiitic melts issued
from a depleted N-MORB mantle source. In contrast, the trace element characteristics of
the Walash volcanic rocks, particularly, the Walash alkaline rocks are characterized by
strong enrichments in highly incompatible elements relative to less incompatible
elements (e.g. higher LREE/HREE ratios than that of MORB; see Fig. 5.9). Hence these
exhibit strong resemblances to modern suites formed in back-arc basins, where the
influence of a marked subduction component modifies the geochemical characteristics
of the source mantle (e.g., Taylor and Martinez, 2003; Pearce, 1995; Pearce et al.,
2005).

Tectonic diagrams confirm the back-arc and arc affinities for Walash and Naopurdan
rocks. Moreover, the Th/Yb vs. Ta/Yb diagram after Pearce (2008) is useful for
examining the melt source and contaminants. This is because normalising both axes to
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Yb eliminates most effects of partial melting and fractional crystallization (Pearce,
1983), so that the MORB-OIB field forms a diagonal array on the Ta/Yb vs. Th/Yb plot
with a slope close to unity (see diagonal arrow in Fig. 5.21). On a Ta/Yb vs. Th/Yb
diagram, the studied rocks display a consistent displacement from the MORB-OIB array
towards higher Th/Yb ratios (Fig. 5.21). However, the addition of a subduction
component to a constant mantle source would be expected to give a vertical trend on the
diagram (i.e. vertical arrow in Fig. 5.21), as only Th is added while Ta and Yb remain
nearly constant. Contrary to Th/Yb, the Ta/Yb ratios are not affected, or little affected,
by additions of components during plate subduction. This is because Th is widely
thought to be slab-derived in fluids/melts (Pearce et al., 1995; Hawkesworth et al.,
1997).
Simultaneous variations in both Th/Yb and Ta/Yb ratios are related to enrichment or
depletion of the mantle wedge. However, an increase in these ratios can also be
recognized during the evolution of some subduction zone settings (increasing arc
maturity). All nine Galalah and Choman alkaline Walash rocks plot next to the
shoshonitic field of this diagram, suggesting that they formed in a mature back-arc
setting (Fig. 5.21). Furthermore, the majority of the studied samples plot above the
MORB-OIB mantle trend on a Th/Yb v. Ta/Yb and Nb/Yb diagrams, indicating that
their mantle source had subduction influence and the resulting magmas were affected by
a significant contamination of lithospheric material. Higher ratios of both Ta/Yb and
Th/Yb in Walash alkaline (Galalah -Choman) volcanic rocks relative to Walash calcalkaline (Mawat-Leren) and Naopurdan arc compositions, however, may be explained
by a number of processes including magma generation by: (1) small degrees of melting
of a convectively homogenized source that is enriched in incompatible elements relative
to depleted MORB source; (2) small degrees of partial melting of a mantle source that
leaves garnet-bearing residue (e.g. Aldanmaz et al., 2000); or (3) systematic mixing
between increments of melt derived from a compositionally uniform source by variable
degrees of melting (e.g. Aldanmaz et al., 2005, 2006). In addition, the high input of
subducted sediment might be due to asthenospheric upwelling which would affect the
mantle wedge and might increase slab surface temperature to melt more subducted
sediments (Ishizuka et al., 2010).
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It also should be noted that some Walash-Naopurdan volcanic rocks have mixtures of
arc-like and MORB-like compositions with some E-MORB/OIB-type pillow and flow
lavas (i.e. M1, M2, ga17, ga20). These samples are chemically different, and they could
have been derived from a lithospheric and more depleted source than other Walash
samples and/or due to complex structure and tectonic episodes that led to mixing in this
part of the Iraqi Zagros thrust zone. Age relationships can be resolved, with the Walash
MORB-like lavas usually being older (43.01±0.15 Ma) and Naopurdan arc-like lavas
younger (24.31±0.60 Ma).
7.1.4. Geodynamic framework
The Late Cretaceous ophiolite-arc complex is rarely exposed in the Zagros Suture Zone
due to its low preservation potential, having been positioned on the overriding plate
during arc-continent collision and then subsequently eroded during uplift associated
with the three collision events in (A) the Palaeocene (ophiolite-arc obduction), (B) the
Miocene Walash-Naopurdan arc-continent collision and (C) the final continentcontinent collision. The final continent-continent collision resulted in extensive nappe
formation which may have thrust younger terranes over the older ophiolite-arc complex
by out of sequence thrusting, as depicted in Figure 6.16G. It is concluded that evidence
for Late Cretaceous arc-continent collision was completely obliterated by erosion or
covering by allochthonous units in later continent-continent collision along most of the
Iraqi-Iranian border. However it has been found in the Zagros suture zone in the Neyriz
area (Babaie et al., 2001) and for the first time is now observed in northwest Iraqi
Zagros thrust zone, and is named here the Hasanbag ophiolite arc complex. By further
continent-continent collision, the Late Cretaceous ophiolite was dismembered by
younger generation thrust slices and re-emplaced as out-of-sequence thrusts on top of
the Tertiary Walash-Naopurdan magmatic arc in the Mawat and Hasanbag provinces.
Metamorphic thrust sheets from the hinterland were also transported as younger nappes
that are situated above the earlier accreted thrusts and nappes in Zagros suture zone (Ali
et al., in press; see Fig. 6.16G). The high Zr/Y (>4) and Nb/Y (>0.2) of the Hasanbag
volcanic rocks suggest their origin from an enriched mantle source (see Figs 6.1 and
6.6) or they were derived from a mantle source previously more depleted than the source
of MORB, and then subsequently enriched by a subduction component of an island arc
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(cf., Pearce and Stern, 2006; Pearce, 2008). In addition, the subduction signature of the
Hasanbag volcanic and subvolcanic rocks is confirmed by the Nb/Yb-Th/Yb diagram
(see Fig. 5.35), and may well represent lateral equivalents of the ophiolite-arc sequences
in Oman-Neyriz and Cyprus. Therefore, it is concluded that the Hasanbag arc complex
is a remnant of the Late Cretaceous ophiolite/arc rocks that developed within the
Neotethys Ocean and were subsequently accreted to the Arabian Plate during the Late
Cretaceous to Paleocene. This represents the first time Late Cretaceous ophiolite-arc
complexes have been identified in the Iraqi Zagros collision zone, and unequivocally
discriminates the Hasanbag arc complex from a broadly lithologically similar, albeit the
clearly younger, Eocene-Oligocene Walash-Naopurdan arc and back-arc complex.
The Tertiary Walash-Naopurdan assemblage in the northwest Zagros Suture Zone
preserves a series of magmatic suites and sedimentary rocks which contain a record of
subduction initiation, rifting and back-arc basin formation. The various hypotheses for
driving back-arc basin extension include slab roll-back (Elsasser, 1971; Molnar and
Atwater, 1978; Malinverno and Ryan, 1986; Dvorkin et al., 1993; Schellart et al., 2007),
induced mantle wedge flow (corner flow; Sleep and Tokso¨z, 1971) and relative motion
of the overriding plate with respect to the subduction trench (Dewey, 1980; Jarrard,
1986; Heuret and Lallemand, 2005; Volti et al., 2006). Back-arc extension preferentially
occurs with a steeper subduction angle. More perplexing for the Walash-Naopurdan arc
system is the age progression (i.e. 43 Ma age of Walash back-arc rocks and 24-34 Ma
for the Naopurdan arc rocks; Figure 6.16D-E).

Based on the evidence stated above, the subducting slab steepening or “roll-back”
mechanisms have been postulated to explain the formation of back-arc basins.
Accordingly, slab roll-back may have resulted in trenchward migration of the arc system
prior to the final continent-continent collision leading to the formation of the younger
Naopurdan IAT trenchward of the slightly older Walash back-arc volcanics in a manner
analogous with the Tonga- Kermadec and Izu-Bonin-Marianas island arcs (Taylor,
1992; Macpherson and Hall, 2001; Taylor and Martinez, 2003). In the Iraqi case, this
would have resulted in progressively younger arc volcanic rocks towards the retreating
trench prior to the continental-continental collision in Miocene.
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7.1.5. Controls on arc magmatism
The volcanic and subvolcanic rocks of Walash-Naopurdan display a consistent sequence
of events during their formation and evolution which suggests that they formed in
response to processes that are common in intra-oceanic subduction settings. This
sequence of events may be summarized as follows:
Stage 1: The transition toward stable calc-alkaline arc activity (e.g. Walash,
Mawat and Leren).
Stage 2: Eruption of island-arc tholeiite lavas; with the parent magmas being
MORB-like with an arc overprint (Naopurdan, Qalander, Leren and some of
Walash back-arc rocks show more arc signatures; i.e., samples ga17, ga20, M1,
M2 and M12).
Stage 3: Limited lavas with more MORB or OIB-like basalt compositions (e.g.
Walash, Galalah and Choman) and continuation of Naopurdan island-arc rocks
represented by Sheikhan rocks (24 Ma).
Back-arc basin subduction inputs are normally enriched in the deep subduction
components (i.e. Th, Nb, Ta) rather than the shallow subduction components (i.e. Ba)
and that is observed in the Walash (both Mawat and Galalah–Choman) rocks. Two
factors mostly affect the chemical composition of the basaltic magmas in the active
margin; the slab fluid and mantle components. According to Gill (1981) arc-magma
chemistry does not support more than a few percent of sediment recycling.
Consequently, if the arc crust is partially recycled in the arc lavas, it becomes
impossible to discriminate between crustal contamination during ascent of the magma or
source contamination from the descending slab.
Arc magmas are generated along convergent plate boundaries in areas where the upper
mantle has been chilled by the introduction of subducted oceanic crust. The current
consensus is that most arc rocks crystallized from parental magmas generated in the
mantle wedge, and that melting took place in the presence of water so that the
temperature at the solidus was less than that beneath mid-ocean ridges and oceanic
islands (Plank and Langmuir 1988, Davies and Stevenson 1992). The inference is that
the water was released from the subducted oceanic crust, and that other more mobile
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elements were transported in the hydrous fluids, but the size and nature of the
contribution from the subducted crust, and even how it may be recognized, remain
highly contentious (Hawkesworth et al., 1993).
Variable fluid-mobile/fluid-immobile incompatible ratios suggest that the fluid addition
was the efficient fluxing agent during the magma generation. In most subduction zones,
the subducted slab dehydrates and releases LILE-rich fluids into the mantle wedge,
inducing both metasomatism and partial melting of the mantle wedge. Therefore, the
fluid addition may have not only triggered the hydrous melting of a metasomatised
mantle, but also introduced significant LILE into the source and overprinted the inherent
HFSE enriched characteristics. Therefore, depending on the geochemical behavior of
some immobile elements (i.e. Ti, Zr, Nb) it can be stated that the Naopurdan volcanic
and subvolcanic rocks were derived from a depleted mantle source as indicated by the
low Ti, Zr and Nb negative anomalies normalized with N-MORB (see Fig. 5.11b),
whilst most of the Leren (Ln) samples show high Ni and Cr contents, which implies
very high temperatures to produce mantle melts rich in Cr and Ni. The IAT signature,
the high LILE/HFSE ratios, the negative Ta-Nb-Ti anomalies and detectable slabderived components in the Naopurdan rocks, are all features typical for arc-related
petrogenesis.
It is evident from the geochemistry and the tectono-magmatic discrimination diagrams
of the Tertiary Walash and Naopurdan volcanics and subvolcanic rocks, that there is a
clear difference in the genetic and tectonic environments between them. Thus, it is
possible to suggest that the Naopurdan volcanic rocks represent volcanic arc basalts
(Pearce and Cann, 1973) whereas the Walash volcanic rocks show the characteristics of
basalts that form within diverging plate margins (including back-arc basins; Wilson,
1989).
7.2.

Conclusions

Detailed field, geochronological, petrographical, geochemical and petrogenetic studies
of the Late Cretaceous Hasanbag igneous complex and the Eocene-Oligocene WalashNaopurdan igneous complex within the Iraqi segment of the Zagros thrust zone, has led
to the following conclusions.
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7.2.1. Recognition of the Late Cretaceous Hasanbag arc complex
1- For the first time, this study has identified the Hasanbag igneous complex as a
remnant of the Late Cretaceous ophiolite/arc in the Iraqi Zagros collision zone.
Hasanbag is unequivocally distinct from the lithologically similar but younger
Eocene-Oligocene Walash-Naopurdan arc and arc-back complex.
2- The
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Ar/39Ar results of magmatic hornblende from Hasanbag volcanic rocks

indicate an Albian-Turonian formation age (106-92 Ma).
3- Petrographic observations reveal that Hasanbag rocks were subjected to
hydrothermal alteration but most of the igneous textures are still preserved. The
Hasanbag volcanic rocks are mainly basaltic andesites to andesites, and the
Hasanbag dykes are mostly dolerite with one diorite body recognized.
Amphibole is Ti-rich hornblende (kaersutite), and phase equilibria studies have
established that elevated temperatures and reduced fO2 increase the TiO2 content
of amphiboles crystallizing from basaltic melts. As the rocks are eruptive or
hypabyssal, it is then possible that the kaersutite was formed at higher pressure
(i.e. ~300 to 410 MPa) and temperature (~950 to 1000°C), and was brought up as
quench crystals with the ascending magma. Kaersutite, in addition to anhydrous
ferromagnesian control, is consistent with a supra-subduction zone fluid fluxing
mechanism for magma generation.
4- The major and trace elements variation of basaltic andesite, andesite rocks and
associated dykes are consistent with fractionation of plagioclase, pyroxene,
amphibole and iron oxides. Moreover, the geochemical data indicate magmatic
evolution of a calc-alkaline suite with low-K characteristics.
5- REE and N-MORB patterns of Hasanbag arc complex samples show enrichment
in the LREE and large-ion lithophile elements (LILE; e.g. Th, Ba, Rb and Cs)
and depletion in the high field-strength elements (HFSE; e.g. Nb, P, Ce, Zr and
Ti) in both chondrite-normalized REE and N-MORB normalised diagrams with
the characteristic Nb-Ta negative anomalies confirming a subduction influence.
The mantle wedge fluid-fluxing supra-subduction zone signature of Hasanbag
arc complex rocks is confirmed by the Nb/Yb-Th/Yb diagram, which shows that
all the samples fall within the compositional field of arc-related rocks and above
the field of the MORB-OIB mantle array. Geochemical modelling suggests that
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these rocks might have formed from 10 to 25% partial melting of mantle
lherzolite (see Fig. 6.1a-b).
6- Hasanbag rocks define trends characterized by essentially constant Th/Nb
elemental ratios (Fig. 6.7a), implying that fractional crystallization is the most
effective process during magmatic differentiation.
7- Based on all above, the Hasanbag arc complex is a remnant of the Late
Cretaceous ophiolite/arc assemblage that developed within the Neotethys Ocean
and was subsequently accreted to the Arabian Plate during the Late Cretaceous
to Paleocene.

7.2.2. The Eocene-Oligocene Walash-Naopurdan arc to back-arc complex
1- For the first time a new geological map for the Zagros Suture Zone (ZSZ) along
the border of northeast Iraq and southwest Iran has been compiled, based on
1:1,000,000 scale Iraqi and Iranian geological maps. This allows a more holistic
view of the Iraqi Tertiary Walash-Naopurdan arc to back-arc complex studied
here.
2- One feldspar from a pyroclastic Walash back-arc rock (Mawat area), and two
feldspars from Naopurdan arc basaltic rocks (Qalander and Sheikhan areas) were
analyzed using the
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Ar/39Ar incremental heating technique, and reveal plateau

ages 43.01±0.15, 33.42±0.44, and 24.31±0.60 Ma, respectively.
3- Petrographic examination of Walash volcanics indicates there are both calcalkaline basalt to basaltic andesites and alkali basalts to trachytic andesites
present. Whereas, Naopurdan samples include basalts, andesitic basalts and
andesites.
4- The studied rocks have been plotted with different classification diagrams. They
show sub-alkaline, low-K, tholeiitic magma for Naopurdan and calc-alkaline to
alkaline magma for Walash samples. These diagrams reveal that the Walash
calc-alkaline and Naopurdan rocks are generally basalt/basaltic andesite type,
while Walash alkaline samples are mostly alkali-basalts/trachy-andesite.
5- Tectonic discriminations diagrams obviously differentiate the Naopurdan islandarc tholeiitic suite from the Walash back-arc calc-alkaline and alkaline suite.
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6- The variations between HFSE (e.g. Th, Zr and Nb) are obviously geochemically
and geographically controlled (see Fig. 5.6b, f). Thus the alkaline and calcalkaline Walash back-arc samples have higher Th/Nb and Nb/Zr than the
Naopurdan island-arc tholeiite samples.
7- Overall the Naopurdan rocks show flat REE patterns. Such flat patterns resemble
the rocks formed in island-arc tholeiitic (IAT) and subduction relating settings
with LaN/YbN = 0.8 to 7.17. The Walash samples are characterised by more
enrichment in LREEs than the Naopurdan samples. No Eu anomaly is apparent
in the Walash alkaline and calc-alkaline samples, whereas a moderate to strong
negative Eu anomaly is observed in some Naopurdan samples (Eu/Eu* = 0.431.12, e.g. L2 and Q13; see Table 5.4a) which is normally interpreted as resulting
from removal of plagioclase. The Naopurdan volcanic and subvolcanic rocks
show prominent depletions in high field strength elements relative to fluidmobile elements (e.g. negative Ta and Nb anomalies with respect to the
neighbouring incompatible elements) on a N-MORB-normalized plot, whereas,
the calc-alkaline Walash samples mostly fall between those of E-MORB and the
average ocean island basalt (OIB). However, the alkaline Walash samples show
REE patterns typical of OIB

but with slightly greater enrichments in

incompatible elements due to the effects of fractionation and subduction
component addition.
8- Generally, the trace element characteristics of the Walash volcanic rocks exhibit
strong resemblance to those formed near convergent plate boundaries (back-arc
basin), where the influence of a marked subduction component signifies the
geochemical characteristics of the source mantle. The subduction signature of
the Walash-Naopurdan volcanic and subvolcanic rocks is confirmed by the
Nb/Yb vs. Th/Yb diagram (Fig. 5.20a) which shows that almost all the studied
rocks fall of in the compositional field of arc-related rocks – well above the field
of the MORB-OIB mantle array. Moreover, the petrogenesis study emphasized
that Walash rocks were formed in back-arc basin spreading centers which are
relatively close to volcanic arcs (arc environments) due to the influence of
components derived from the subduction slab, and the degree of partial melting.
In addition, the petrogenesis study suggested that the magma of Walash alkaline
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and calc-alkaline rocks were generated by <5% and about 10-20% partial
melting of slightly enriched upper mantle source (spinel lherzolite), followed by
fractional crystallization during the ascent of magma to the surface, while,
Naopurdan samples are fractionated mostly more than 20% from a partially
melted depleted mantle source.
It is evident from the field, age, petrographic and tectonomagmatic approach that
the Walash and Naopurdan rocks are related to back-arc and arc settings.
Accordingly, the suggested tectonic model starts with the opening of Neotethys
which separated the Sanandaj-Sirjan microplate from the Arabian plate in
Permian to Triassic. During the Early Cretaceous, subduction of part of the
Neotethyan oceanic crust towards the east and northeast developed an
ophiolite/arc complex (basaltic andesites and andesites) represented by the
Hasanbag rocks (106-92 Ma). Collision of the Hasanbag ophiolite/arc complex
onto the Arabian passive margin occurred during the Late Cretaceous, with
initiation of new Neotethyan intra-oceanic subduction probably in the Late
Maastrichtian-Early Paleocene? (following collision and obduction of the
Hasanbag arc complex). Walash calc-alkaline back-arc magmatism commenced
in the Eocene (43-34 Ma). The Naopurdan and limited Walash alkaline
magmatism occurred during the final stage of intra Neotethys oceanic
subduction and before the final closure of Neotethys (33-24 Ma). Collision of the
Walash-Naopurdan arc – back-arc system with the Arabian continental passive
margin during the Early Miocene (23-16? Ma). Final continent-continent
collision between the Iranian-Turkish and Arabian continents occurred during
the Middle? Miocene

7.2.3. Significance of thesis results for understanding the consumption of Neotethys
between Eurasia and the Arabian microcontinent

1.

There was multistage closure with several arc-ophiolite and arc to
back-arc complexes now recognized along the extent of the
boundary, from as early as the late Cretaceous until the late
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Oligocene. For the Late Cretaceous, two magma suites, both of intraoceanic arc affinities are recognized in the studied area.
2.

In the study area, allochthonous slices of the two unrelated arc
complexes are out of sequence. The duality of magma sources
supports the out of sequence arc model. However, one of these two
intra-oceanic arc complexes has largely been obliterated by
advancing allochthonous slices during Early Miocene.

3.

The Arabia-Eurasia collision along the Iraq-Iran border, including the
final emplacement of the allochthonous slices took place after the
completion of the Neotethys closure (i.e. Middle Miocene).
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Appendix 1
Methodology
The approaches used in this thesis include field investigation, thin-section petrography,
mineral chemistry, geochemical analysis (major, trace and rare earth elements) and
geochronological determinations.
1.1 Field investigation
In the field, seven representative cross-sections were investigated across the whole area
of the Iraqi volcanic rocks 180 samples being collected. The extensive fieldwork and
associated structural investigations helped to determine the occurrence and spatial
distribution of Iraqi volcanic (Hasanbag arc and Walash-Naopurdan nappe) rocks.
1.2 Sample collection

Volcanic and associated samples were collected during a field trip to Iraq in 2008 and
2010 by the author and his Iraqi supervisor, Prof. Dr Sabah Ismail (Chairman of the
Department of Applied Geology, University of Kirkuk, Iraq). The samples were taken
using a rock hammer to get fresh samples free of defects. The samples were put in
separate plastic bags then wrapped with separate pieces of cloth, and put in suitable
boxes for shipment to Wollongong. Some problems at the Sydney Airport customs office
delayed their arrival by more than 20 days due to presence of some clay minerals
thought to be soil.
1.3 Sample preparation
To remove the weathered part and obtain suitable slabs for thin sections and
geochemical analyses, the samples were cut by saw. These slabs then were fragmented
by a hammer into small pieces roughly 1cm3 in size. These fragments were crushed for 1
to 3 minutes using both tungsten and chromium steel mills (TEMA) to obtain a
minimum of 500 grams of fine powder for each sample. These powders were used for
various analytical methods to determine major oxide, trace and rare earth element
concentrations.
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1.4 Analytical methods
In this study, contemporary and appropriate sample preparation laboratory methods of
analysis (Norrish and Chappell, 1967) were employed to analyze the samples using the
following techniques:
1. petrography using thin and polished sections;
2. X-ray diffraction (XRD);
3. X-ray fluorescence (XRF) for whole rock major and trace element analyses;
4. inductively Coupled Plasma Mass Spectroscopy (ICP-MS) analyses for rare earth
elements;
5. total volatile contents or “Loss on Ignition” (LOI) determinations;
6. wavelength-dispersive spectrometer electron microprobe analysis of minerals;
and
7. geochronological analysis using Ar-Ar method.
1.4.1 X-ray diffraction
X-ray diffraction analysis was carried out using a Philips (PW 3710) diffractometer (Cu
Kα radiation at 1kW) at the School of Earth and Environmental Sciences, University of
Wollongong, to determine the percentages of mineralogical components in the volcanic
and associated rocks (Cullity, & Stock, 2002; Martini, & Herrera, 2002). Traces and
SIROQUANT software were used to examine the resultant diffraction trace for the
purposes of determining presence and abundance of minerals.
1.4.2 Whole rock, major and trace element analyses
X-ray fluorescence (XRF) analysis was carried out with a Spectro-Analytical Instrument
(XEPOS) energy-dispersive spectrometer fitted with a Si-diode detector at School of
Earth and Environmental Sciences, University of Wollongong, following the methods of
Norrish and Chappell (1977). Major elements were measured on samples fused with Li
borate while trace elements were analysed from pellets bonded with PVA. Calibration
was made against a wide range of international reference materials and laboratory
standards previously calibrated against synthetic standards. Rare earth elements were
determined using Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) by
Australian Laboratory Services ALS at Brisbane, Australia. These analyses involved
using a lithium borate fusion of the sample prior to acid dissolution and ICP-MS analysis
to provide the most dependable quantitative analysis for a broad suite of elements.
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1.4.3 Total volatile determination
Loss on ignition (LOI) values were determined gravimetrically at the School of Earth
and Environmental Sciences, University of Wollongong. About 0.5 g of powder was
precisely weighed into a crucible that had previously been washed and cleaned with
acetone, then heated in a furnace at 1000oC for 2 hours and cooled in a desiccator. The
crucible and sample were then replaced in the furnace at 1000oC for 12 hours. After five
minutes cooling in a desiccator the sample was accurately weighed. The reduction in the
sample weight is due to loss of volatiles including H2O+, H2O- and CO2. Then LOI is
equal to 100 times lost weight/sample weight.
1.4.4 Microprobe mineral analysis
Mineral analyses were carried out on polished thin sections. The analyses were achieved
utilizing a fully automated, Cameca SX100 Electron Microprobe at Macquarie
University, fitted with 5 wavelength dispersive spectrometers (WDS) and a PGT energy
dispersive system (EDS). A summary of the analytical conditions is given below:
Silicate analysis
Operating Conditions:

Standards:

Accelerating voltage 15 kV
Beam current

20 nA

Beam size

focused, 1-2 µm

Count times

20 s (10 s peak, 10 s bkgd)

Si, Ca – wollastonite; Al – kyanite, Na – albite; Ti – rutile; Cr – Cr metal;

Fe – hematite; Mn - spessartine; Mg – forsterite; K – orthoclase; Ni – Ni metal
Correction procedure: Cameca φρz (oxide stoichiometry).
Lower levels of detection (LLD wt% oxide) and Precision (rsd% at wt% in brackets)
LLD

% rsd (1σ)

SiO2

0.04

0.21*50 wt%

TiO2

0.03

1.72*1.0 wt%

Al2O3

0.02

0.29*20 wt%

Cr2O3

0.05

3.46*1.0 wt%

FeO

0.05

0.94*20 wt%

MnO

0.05

3.18*1.0 wt%

MgO

0.04

0.46*10 wt%

CaO

0.03

0.55*10 wt%
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Na2O

0.04

0.94*10 wt%

K2O

0.04

0.96*10 wt%

NiO

0.06

3.22*1.0 wt%

1.4.5 Geochronological (Ar-Ar) analyses
Five samples were selected for

40

Ar/39Ar analyses – M7, Q13, SH8, H20 and H23.

Samples Q13 and SH8 were crushed to ~2 cm chips using a jaw crusher. Individual
chips were then screened for alteration, with acceptable chips crushed further using a
steel piston crusher. Crushed samples were washed and sieved to 0.2-0.5 mm grain size.
Approximately 200 mg of material was hand-picked from each sample and leached for 5
minutes in 10% HNO3 to remove carbonate. Feldspar (M7, Q13) and hornblende (H20,
H23) mineral separates were obtained from the remaining samples using standard
crushing, de-sliming, sieving, magnetic and heavy liquid separation methods. Prior to
irradiation, all samples were rinsed with deionised water in an ultrasonic bath.
Samples were loaded into aluminium foil packets and placed in quartz tubes (UM#43)
along with the flux monitor GA1550 biotite (98.8 ± 0.5 Ma; Renne et al., 1998) and
irradiated in cadmium-lined cans in position 5c of the McMaster University reactor,
Hamilton, Canada.
40

Ar/39Ar step-heating analyses were conducted at the University of Melbourne generally

following procedures described previously by Phillips et al. (2007) and Matchan and
Phillips (2011). Irradiated aliquots of samples M7, Q13 and SH8 were loaded into tinfoil packets and step-heated using a tantalum-resistance-furnace, linked to a VG3600
mass spectrometer equipped with a Daly detector. Due to low potassium contents and
limited mineral separate volumes, aliquots of hornblende or feldspar from samples H20,
H23 and Q13 were step-heated using a CO2 laser linked to a MM5400 mass
spectrometer with a Daly detector.
Mass discrimination was calculated prior to the analyses by measuring multiple air
aliquots from a pipette system, yielding weighted mean values of 1.0061 ± 0.30% (1σ)
per atomic mass unit for the VG3600 and 1.0055 ± 0.12% (1σ) per amu for the
MM5400. Argon isotopic results are corrected for system blanks, mass discrimination,
radioactive decay, reactor-induced interference reactions and atmospheric argon
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contamination. Decay constants used are those reported by Steiger and Jäger (1977),
Correction factors (±1s) for interfering isotopes were (36Ar/37Ar)Ca = 0.000280 ± 3.6%,
(39Ar/37Ar)Ca = 0.000680 ± 2.9%, (40Ar/39Ar)K = 0.000400 ± 100% and (38Ar/39Ar)K =
0.0130 ± 3.9%. System blank levels were monitored between analyses and found to be
essentially atmospheric (40Ar/36Aratm = 295.5 ± 0.5; Nier, 1950).
Plateau ages were calculated using ISOPLOT (Ludwig, 2003) and are defined as
including at least 50% of the

39

Ar, distributed over a minimum of 3 contiguous steps

with 40 Ar/39Ar ratios within agreement of the mean at the 95% confidence level. Inverse
isochron plots were also constructed with ISOPLOT (Ludwig, 2003), using the same
data points included in the calculation of the weighted mean ages. With the possible
exception of sample H23, the inverse isochron regressions show that the trapped argon
component (40Ar/36Ari) is of atmospheric composition within the uncertainties, justifying
the interpretation of weighted mean ages as crystallisation ages. Calculated uncertainties
associated with mean and plateau ages include uncertainties in the J-values, but exclude
errors associated with the age of the flux monitor and the decay constant.
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Sample
Leren

Rock type

Texture

Major minerals
phenocrysts

Minor minerals
phenocrysts

Matrix minerals

Alteration
minerals

Remarks

L1

Basalt

Amygdaloidal
Porphyritic
Microlite-porphyric,

Pl(52m)

Act (182m)
Allanite(859m)

Ep, Qtz

Chl, act, clay

Chlorite is amygdale
Matrix highly altered to act( Needle
phenocryst & Chl, Allanite
Both phenocryst & matrix are altered
Qtz >18% , pl &Qtz and Zeolite are
amygdales
Highly altered
Calcite is amygdale
Iron oxide >6%
Both phenocryst & matrix are highly altered
to Zeloite, Vein of Qtz, cal,Ep

20%

L2

Metabasalt

Porphyritic
Microlite-porphyric

PL, Hb
10%

Hb

Hb, , Qtz,

Chl, act, ZO, clay
,Ab,cal

L5

Basalt

Amygdaloidal
Microlite-porphyric

PL
5%

PL, Qtz

PL, IO, EP

Chl, IO, cal,Ze

L6

Basalt

Amygdaloidal
Porphyritic

PL , Cpx(552m)
5%

PL,

PL, IO(He), Qtz

Chl, cal, clay

L7

Metabasalt

Porphyritic

Chl

Chl, act, IO, clay

L8

Basalt

CPX(750m), PL

PL, Qtz

Chl, cal, clay

L9

Andesite

Variolitic
Porphyritic
intergrunlar

Ep

PL,px,sph

Chl, act, clay

Sphene in the matrix between PL & CPX
grains. Cpx(1061-1520m),Pl(634-720m)

L10a

Pyroclastic

PL,AF,CPX

Hb,PL

L10b

Basalt

porphyritic

PL

metabasalt

Porphyric
Microlite-porphyric
Amygdaloidal

PL,IO
Ep 1.5%
PL

Chl,act, Tr, cal,
clay
Cal, chl, clay

L11

Hb
30%
PL(1100m)
30%
PL, CPX
90%
Feld 65%, px
25%,Chl 4%,IO
2% EP 4%
Hb
50%
PL
50%
Hb,act
10%

Most of the mafic minerals are altered to
chlorite and actinolite
Most of the matrix are cal&chl,
Vein of calcite
Cpx is replaced by act,
Ep hydrothermal alteration
Ep& Ze are amygdales

Hb, act, Ep

Chl, act, clay,
zeolite,antigorite

Highly altered, most of matrix is altered to
chlorite
Mafic phenocrysts replaced by chlorite

Appendix (A) Petrography table, ZO(Zoisite), Ze(Zeolite), Pl(plagioclase), Hb(Hornblende), chl(chlorite), cal(calcite), IO(iron oxide),
cpx(clinopyroxene), act(actinolite), Ep(Epidote), Qtz(Quartz), m(micro).
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Appendix (A) (Continued)

Sample
Leren

Rock type

Texture

Major minerals
phenocrysts

Minor minerals
phenocrysts

Matrix minerals

Alteration
minerals

Remarks

L12

metabasalt

Porphyric
Microlite-porphyric

act ,cpx
50%

act, Ep

PL,Hb

Chl,act,clay

Cpx is replaced by act,
Ep hydrothermal alteration

L13

Andesite

seriate

PL, cpx

PL, Ep(104m),
sphene( 128m)

Chl, act

Ep>5% hydrothermal not replace other
minerals,vien of epidote, Sphene

L14

Basalt

Porphyric

PL(250-311m),
cpx(266-370m)
50%
Cpx ,AF

PL,EP

PL,PX,AF

Chl, act, clay,
sericite

L15

Basalt

Cpx
30%

PL,EP, Qtz, act

Act, chl, Tre,
cal

L16

Basalt

Amygdaloidal
MicrolitePorphyritic
Prophyric,
Amygdaloidal

Alkali feldspar less than 5%
Pl altered to sericite & clay, Cpx altered to
chlorite
Vein of cal, Ze, Qtz
Cal & Qtz are amgdales
Most mafic minerals altered to act-Tre

Pl(768-1152m)

PL, cpx(307m)
20%

Pl,cpx, Ep, Hb,
sphene

Act, chl, Ep,
Ser,Ze, Antig

L17

Pyroclastic

Pyroclastic

Hb

Cpx, PL,Qtz

Hb

Chl, act,clay

L18

Metasediment

Is the lower part of
L

Qtz, PL

Chl, cal,clay

Qtz >70%

L21

Basalt

Vesicular

Cpx,pl

Pl , cpx , IO

LQB

Basalt

Porphyric

Cpx , Pl

Pl ,act, Tre, EP

act, Tre

Cpx altered to act&tre
Veins of Epidote
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Matrix is cryptocrystalline,
Most of mafic minerals altered to chl &act
Ep& chl are amygdales

Appendix (A) (Continued)
Sample
Hasanbag

Rock type

Texture

Major
minerals
phenocrysts
Pl, cpx
10%

Minor
minerals
phenocrysts
Pl, cpx, Af

Matrix
minerals

Alteration
minerals

Remarks

H1

Basalt andesite

Porphyric,
Amygdaloidal

Pl, cpx,
Ep,

Chl, Ep, cal

Pl& cpx phenocryst are idiomorphic to sub-idiomorphic
Pl(719-1606m), cpx(388-625m)

H2

Andesite

subophitic

Pl, cpx
50%

Pl, cpx

Pl, cpx,

chl, clay

Matrix is altered to chl &clay

H3

Basalitic
andesite

porphyric

Pl, cpx
30%

Pl, cpx

Pl, cpx

Chl, act,
clay

Pl& cpx megacryst are idiomorphic to sub-idiomorphic,
Pl(750m),cpx(392m)

H4

Basalt andesite

porphyric

Pl, cpx
30%

Pl, cpx, Hb

Pl, cpx,
Qtz

Act, chl,
clay

Mafic in matrix (cpx) altered to act &chl,
Vein of Qtz

H5

Basalt andesite

Pl(335-729m)
cpx(535-888)

Pl, cpx, Af

Pl,cpx

Chl, act, Ep,
Hematite

H6

Basaltic
andesite

Glomeroporphyric,
Porphyric,
Amygdaloidal ,
subophitic
Intersertal

Pl, cpx

Pl

Chl, act,
clay

Different size cluster ofpl &cpx,
Some of cpx is euhedral fresh grain with hour-glass zoning
Vein of Ep+chl , some amygdales fill with Qtz
Some of phenocryst is intergrowth between px &pl
Chlorite replaced glass in the matrix.

H7

Basaltic andesite

Porphyric,
Amygdaloidal

Pl, cpx
5%

Pl,cpx, Af

Pl, cpx, EP

Chl, clay

CPX >15%
Pl(475m), cpx(200-504m)

H8

Basaltic andesite

porphyric

Pl, cpx
10%

Pl,cpx, Af

Pl, cpx, EP

Chl, , clay

CPX >15%

H9

Andesite

subophitic

Pl, Hb, cpx

Pl, Hb, cpx

Pl, IO

Chl, act,
clay

Iron oxide replaced mafic minerals
Pl(1678m), cpx (728m)

H10

Basalticandesite

porphyric

Pl, cpx
10%

Pl, cpx,
Ep,zo

Pl, cpx, Ep

Act, chl, zo

Most of mafic minerals replaced by actinolite chlorite,
Cpx(494m) with hour-glass zoning
Pl(585m)

14 %
Pl, cpx
50%
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Appendix (A) (Continued)
Sample
Hasanbag

Rock
type

Texture

Major minerals
phenocrysts

Minor
minerals
phenocrysts
Pl,

Matrix
minerals

Alteration
minerals

Remarks

H11

Basaltic andesite

Porphyric,
Amygdaloial

Cpx, pl
10%

Pl, cpx,
Ep,

Chl, Ep,
clay

Pl, cpx
50%

Pl, cpx

Pl, cpx,
sphene

Chl, act

Chl &Ep are amygdales, Equigranular Pl & Cpx
Cpx(461m) with hour-glass zoning
Pl(446-592m)
Sphene with iron oxide mixed with clay ???in the matrix

H12

Andesite

porphryitic

H13

Dolerite

subophitic

Pl

Pl, act

Pl, IO,
Qtz

Chl, act,IO

Highly altered most of mafic minerals are replaced by chl& IO

H14

Dolerite

subophitic

Pl

Pl, act

Pl, IO,
Qtz

Chl, act,IO

Highly altered most of mafic minerals are replaced by chl& IO

H15

Dolerite

Ophitic,
Poikilitic

Pl, cpx, ,
Pl 45%, px 37% Chl
7% IO 10%

Pl, cpxl, act,
IO
Cpx(1350m)

Pl, IO

Act, chl,
IO

Most of matrix altered to chl&Io,
Hb enclosed Ol form poikilitic texture
Vein of Ep & Chl

H16

slate

Sedimentary rock

H17

Basaltic andesite

microlite-porphyric

Cpx
5%

Cpx, pl

Pl, cpx,
Qtz

Chl, act,
cal

H19

Basaltic andesite

Glomeroporphyritic,
porphyric

Cpx, pl
5%

Cpx, pl, Af,
sphene

Pl, cpx,
Ep

Chl,cal,
clay

Matrix is cryptocrystalline ,alteration intensity is high particularly
mafic minerals changed to chlorite(40%),
Small vein of Epidote
Both cpx & pl phenocrysts are euhedral and fresh, phenocrysts
<5%,Pl(130-555m),cpx(383m)with hour-glass zoning

H20

diorite

subophitic

Pl, cpx, opx,
Hb, apatite

H21

Basaltic andesite

Amgdaloidal ,
porphyric

Pl, cpx, opx, Hb
PL60%,Amp18.5%
Px 12.% Chl 3%,
IO 6%
Cpx,pl
30%

Pl, cpx

Pl, cpx
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Chl, act,IO

Most of Hb (877-1300m)grain is euhedral and fresh shows perfect
two set of cleavage& twining, cpx(2720m), Pl(9901371m),IO(327M)

Chl, act,
cal, clay

Matrix highly altered to chlorite

Appendix (A) (Continued)
Sample
Hasanbag

Rock
type

Texture

H22

Basalt

Aphyric

H23

Andesite

Decussate

Pl, Hb, Cpx
Feld 60%,Amp19%
Pl 61%Amp19% Px
8%ch3%IO 6%Ep3%

H24

Basaltic andesite

porphyric

H25

Dolerite

Subophitic,
ophitic

H26

Andesite

porphyric

H27

Basaltic andesite

H28

H29

Hc

Matrix
minerals

Alteration
minerals

Remarks

Pl, cpx

Chl, act,
cal, clay

Most of mafic minerals altered to chl (25%)&act

Pl, Hb, Cpx,
act,Af

Pl, Hb,
cpx, IO,
Ep,

Chl, act,
IO, Ep,
clay

Pl, Hb and Cpx are euhedral phenocryst, matrix altered to Chl, act and
clay.
Pl(380-456m),Hb(424m), cpx(618m), IO(275m)

Cpx (561m)
10%

Cpx,pl(729)

Pl, cpx,
Af, Ep

Chl, IO,
clay

Iron oxide (primary) replaced by iron oxide (secondary).
Very thin veins of iron oxide
CPX with hour-glass zoning

Pl, Cpx 90%
Pl54%,px21%,chl10%
IO 10%EP 5%
Pl(540m), cpx(4931175m) 50%

Pl, cpx, Ep,
IO

Pl, cpx,
Ep

Chl,Tre

Pl, cpx, Ep

Pl, cpx,
IO

Chl, act,
clay

Cognate xenoliths.
Most of matrix altered to chlorite
Pl(2485m), cpx(1128m), IO(294m)
Mafic mineral is replaced by chlorite,
Cpx fresh grain with hour-glass zoning

porphyric

Pl(435-993m)
5%

Pl

Pl, Qtz,
Ep,

Chl, zo, cal

Matrix highly altered to Chl, zo, Ep,
Plagioclase grains altered to white mica (sericite)
Vein of cal & Ep

Dolerite

intergrunlar

Pl

Most of mafic minerals altered to iron oxide and sphene ,
Pl(832-1344m), cpx(984m), IO&Sphene(356m).

subophitic

Pl, Ep,
IO,
sphene?
Pl, IO,
Qtz

Chl, clay

dolerite

Pl, Px
Pl61.5%,px20%,chl
2%|,IO 10%,EP5%
Pl, opx, cpx

Chl, act,
IO

Decussate

Pl 55%,px 23.5%,chl
2.5%,IO 12%,EP 7%
Pl ,Hb, cpx

Epidote here is metamorphic not igneous, both opx and cpx found in
this sample.
Pl (772-2274m), cpx(910-1043m),IO(306m),Ep(92M).
Thin vein of Qtz
This sample is chemically similar to H23 but with more alteration (both
Pl& Cpx) that could by because of they are nearest to the H20(diorite
dyke)

Andesite

Major minerals
phenocrysts

Minor
minerals
phenocrysts

Pl, Cpx,
opx, Ep

Pl, Chl,
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Appendix (A) (Continued)
Sample
Qalander

Rock type

Texture

Q1

Intergranular

Q2

Metabasalt
similar to
Qsst
Pyroclastic

Matrix
minerals

Alteration
minerals

Remarks

Hb, act,
Tre,

Act, Tre,
chl, clay

All mafic minerals have been altered to act,Tre and chl.

Pl,cpx(214400m)
,AF,Ep
Pl, act, cpx
60%

Pl, IO

Chl, clay

Most of feldspar grain is fresh
Dominated different basalt fragments

Q3

Basalt

Amygdaloidal
MicrolitePorphyritic

Pl, Qtz,
Ep

act, chl,
cal, Ze

Ep, cal & Qtz are amygdales
Pl(130-160m),
Cpx(370m) rim of cpx altered to chlorite

Q4

Basalt

Q5

Basalt

Amygdaloidal,
Microliteporphyric
Amygdaloidal,
Porphyric,

Pl, Qtz
50%

Chl, pl,
Ep, IO

Chl, act,
Ep

Matrix is altered to chlorite and act,
Thin veins of Qtz

Pl(118524m)
50%
Pl(432725m)
60%

Pl, IO

Pl, Qtz,
Ep

Chl, act,
clay,

Pl phenocrysat is fresh ,
Qtz and Ep are amygdales.

Q6

Basaltic andesite

Cpx(255280)
IO(He), Qtz

Pl, cpx,
EP

Chl, act,
Tre,

Ep & Qtz are amygdales, different size of fresh Pl pheneocryst, but some of Pl
is completely replaced by Epidote
Hydrothermal Epidote

Q7

Basaltic andesite

Pl
35%

Pl, Qtz

Pl, IO,
Ep,

Chl, act,
cal, clay

Intergranular

Hb, act
80%

Hb, act, Pl

Hb, Qtz,

Amygdaloidal,
Porphyritic
MicrolitePorphyritic

Pl(242m)
70%

Pl

Pl, cpx,
Qtz, Ep

Hb, act,
Tre, chl,
Qtz, clay
Chl, act,
Ep, , Ze,

Pl pheneocryst altered to, Ep and cal
Ep& cal are amygdales
Similar to Q1
Highly alteration all mafic minerals altered to Hb, act, Tre, chl
Pl to clay

Q8

Metaandesite

Q9

Andesiticbasalt

Porphyric

Amygdaloidal,
Vesicular,
Porphyric
Seraite
Amygdaloidal,
porphyric

Major
minerals
phenocrysts
Hb, act,
pl(An)

Minor
minerals
phenocrysts

Pl(170600m)
50%
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Ep, ,Ze are amygdales
Devitrified glass patches in the groundmass (glass changing into chlorite)
Vein of Epidote

Appendix (A) (Continued)
Sample
Qalander

Rock type

Texture

Minor
minerals
phenocrysts
Cpx(84m),
QTZ

Matrix
minerals

Alteration
minerals

Remarks

Amygdaloidal,
porphyric

Major
minerals
phenocrysts
Pl(504m)
40%

Q10

Q11

Andesiticbasalt
Contact N&
Conglomerates
Metabasalt

PL, IO,EP

Chl, clay
&Zeolite

Ep & Zeolite are amygdales

Amygdaloidal,
porphyric

Pl, cpx
50%

Pl, cpx

Hb, PL

act, Tre, Ze,
clay, sericite

Matrix is Highly altered to Amph,
Most of cpx grains are fresh, pl altered to sericite& clay, Veins
of Qtz

Q12

Basalt

porphyric

Pl
35%

Pl, Qtz

Pl

Chl, Ze, clay

Highly alteration both pheneocryst and matrix

Q13

Andesitic basalt

Spherulitic

Pl(185-360m)
60%

Pl

Chl, clay, Ep

matrix altered to chlorite

Q15

Metabaslt

Amygdaloidal,
porphyric

Pl, cpx
40%

PL, cpx(156307m), Af,
Qtz
Pl, Qtz

Hb,PL

act, Tre, Ze,
clay

Highly alteration

PL, Ep, IO

Chl, cal,
clay, IO

Most of the matrix is altered to chl, IO(He)? And cal

Pl, cpx,
Amp, IO

Chl, clay

Matrix highly altered to IO,chl,Amp,
Most of cpx phenocryst is euhedral and fresh??
Pyroxene phyric

Q16

Andesite

Trachytic

Pl(135-390m)
35%

Q17

Basaltic
andesite

porphyric

Cpx(76266m)
40%

Qsst

Dolorite or fine
grain gabbro

intergranular

Hb, act, Tre,
Pl, Qtz
Feld,39%,
Amp 46%,
Cpx 5%,chl
1%,Qtz 8%

Pl

Xeniolith crystallization in depth, vein of Qtz
Amphibole >57%
Amph(220-410m)
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Appendix (A) (Continued)
Sample
Shekan

Rock type

Texture

Major
minerals
phenocrysts

Sh1

carbonite

Sedimentary rock

Sh2

Basaltic andesite

Pl(263m)
40%

Sh3

Basaltic andesite

Sh4

Dacite

Amygdaloidal
(typical),
Microlite-porphyric
Amygdaloidal
Microlite-porphyric
Trachyitic
Glomeroporphyritic,
Microlite-porphyric

Sh5

Basaltic andesite

Amygdaloidal
porphyric

Sh6

Carbonite
rock

More than 93% is
calcite

Sh7

Basaltic andesite

Seriate ,
amygdaloidal

Sh8

Basaltic
andesite

Porphyic,
Amygdaloidal
Pilotaxitic

Sh9

Andesite

Sh10

Meta
andesit or
Amphibolit

Minor
minerals
phenocrysts

Matrix
minerals

Alteration
minerals

Remarks

Contact between Naopurdan and Red bed
Pl, Af, cpx

Pl, IO, Qtz

Cal,chl, Ze,
Ep

Cal,chl, Ze, Qtz, Ep are amygdales

Pl, AF, cpx
60%

PL, IO

Chl, cal, Ze

Cal, chl, Qtz, Ze, Ep are amygdales
Pl(173)

Pl(226m)
50%

Pl,
cpx(282m)

Pl, Qtz,

Chl, Qtz,
clay

Phenocrysts value >10%
Most of cpx phenocryst is -euhedral and some of them octahedral,
vein of Qtz

Pl(388m)
40%

Pl, act

Pl,
Qtz(135m)

Chl, act,
Ze, clay

Most of the matrix altered to act, chl & ze
Qtz is amygdale

Pl(70-226)
cpx(145240)
65%
Pl(188-395)
Cpx(261)
65%

AF(170-264)

Pl, cpx, IO,
Qtz

Chl, act,
IO,clay

Different size of Pl&cpx grains ,
Qtz &chl are amygdales

AF(390)
Qtz(125)

Pl, Qtz, IO

Chl, cal,
Ze, IO

porphyric

Pl(280)
85%

Act(165),
IO(99m)

Pl,Hb?

Chl, act,
clay

Euhedral to subhedral Qtz>10%, chlorite between Pl grains replace
the glass.
Coarse groundmass, lath shape of pl& less of px crystals relatively
very few phenocryst. Amygdales fill with pl, Ep,cal, chl.
Chloritization is dominated alteration product of px .
Most of cpx phenocryst altered to act

Microlite-porphyric

Pl( 575m),
Hb(470615m)
80%

Pl, act, ,
Qtz(127)
IO(264m)

Pl

Act, chl,
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Act phenocryst >20%
Consist of nearly granular of pl and fibrous green amphibole rich
with opaque

Appendix (A) (Continued)
Sample
Shekan

Rock type

Texture

Major minerals
phenocrysts

Minor minerals
phenocrysts

Matrix minerals

Alteration
minerals

Remarks

Sh11

Basaltic andesite

Amygdaloidal,
porphyric

Pl(223-360m),
cpx(318-580m)
45%

Pl, Cpx, IO

Pl, cpx

Cal, Chl, clay

Pl altered to cal &Ze,
Cpx altered to chl

Sh12

Basaltic andesite

porphyric

Pl(377-665m)
55%

Cpx(105-407m),
AF(326m),IO(55)
Qtz

PL

Chl, cal, Ze, Zo

Chlorite replace the glass in the matrix

Sh13

gabbro

Poikilitic
intergranular

Pl
Feld 67%, Amp
13%, Cpx
15%,chl 2% IO
3%

Pl(1622m),
cpx(1250m)
Act(1610m)
,IO(270m)

PL,PX, IO

Act, Tre, Chl

Pl >60%
Highly alteration px mostly altered to uralite &
Chl

Sh14

Basaltic andesite

Amygdaloidal
Microlite-porphyric

Pl, cpx
40%

Pl, Af??,Qtz

Pl, IO

Act, Tre, Chl,
clay

Qtz is amygdale
Highly altered
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Appendix (A) (Continued)
Sample
galalah

Rock type

Texture

Ga2

pyroclastic

porphyroplastic

Ga3

Basaltic andesite

Trachytic
amygdaloidal

Ga4

Basaltic andesite

Trachytic
amygdaloidal

Ga5

pyroclastic

Ga6

Basaltic andesite
Basalt

Trachytic

Ga8

Basaltic andesite

microlite-porphyric,
Pilotaxitic

Ga9

Basaltic andesite

Amygdaloidal,
Vascular,
Microlite-porphyric
Pilotaxitic

Ga10

Basaltic andesite

Pilotaxitic

Ga11

Basaltic andesite

Amygdaloidal
Pilotaxitic

Ga7

Porphyric,

Major
minerals
phenocryst
s
Pl(Ab)

Minor
minerals
phenocrysts

Matrix
minerals

Alteration
minerals

Remarks

Pl

Pl

Ab, chl, cal

Strongly metamorphosed

Pl(233932m)
50%
Pl
50%

Pl, Cpx, Af

Pl, Qtz,
IO

Chl, cal, clay

Fresh phenocryst of Pl have Trachytic texture
Qtz & cal are amygdales

Pl, Cpx, Af

Pl, Qtz,
IO

Chl, cal, clay

More alkali feldspars than ga3
Vein of calcite

Pl

Pl, Af

IO, Qtz

Chl, cal, clay,
Zo

Most of feldspar grains are altered to sericite and clay

Pl
25%
Pl, Cpx
50%

Pl

Pl

Chl, cal, clay

Pl, Cpx, Af

Chl, IO, clay

Pl
80%

Qtz, Cpx

Pl,
Cpx(very
fine),
Pl, cpx,
Af

Mafic minerals are replaced by chlorite
Vein of cal, Qtz& Chl
Different size of feldspar from megacrystes Pl(2810m) to microcryst of
Pl(440-1016m)

Chl, IO, cal,
clay,
magnesite?
Chl, clay, IO

Glass altered to chlorite
Small vein of Calcite

Pl, Cpx
50%

Pl, Qtz,
Cpx ,

Pl, Cpx
50%

Pl, Cpx

Pl, Cpx ,
Qtz

Chl, clay IO,
sericite

Pl phenocrysts altered to sericite
Iron oxide replace Cpx

Pl
30%

Pl, Cpx

Pl, IO

Chl, cal, clay

Cal & Qtz are amygdals
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Chlorite between the plagioclases grain replace the glass

Appendix (A) (Continued)
Sample
galalah

Rock type

Texture

Major minerals
phenocrysts

Minor minerals
phenocrysts

Matrix minerals

Alteration
minerals

Remarks

Ga12

Basalt

Amygdaloidal,
Pilotaxitic

Pl
30%

Pl, cpx, Af

Pl

Chl, clay

Matrix is cryptocrystalline,
Mafic minerals are replaced by chlorite

Ga13

Basaltic
Trachy-andisite

Pilotaxitic

Pl (160-336m)
50%

Af

Cpx ,Qtz

Chl, Qtz, cal,
clay, IO

Minor vein of Qtz & Chl

Ga14

Basaltic andesite

Porphyric,
Variolitic

Pl
50%

Pl, Cpx

Pl, Qtz

Chl, IO, clay, cal

Different size of Pl,
Calcite is amygdale

Ga15

Basaltic andesite

Amygdaloidal,
Trachytic

Pl
50%

Pl, Cpx

Pl, Cpx

Chl clay ,IO

Mafic minerals are replaced by chlorite

Ga16

Basaltic andesite

Spherulitic
amygdaloidal

Pl
50%

Pl, Cpx

Pl, Cpx

Chl, clay, ser

Ga17

Basaltic andesite

Spherulitic

Pl
80%

Pl, Cpx

Pl, Cpx

Chl, clay, ser

Ga18

Pyroclastic

Pl, Cpx

Pl, Cpx

Pl, Cpx

Chl, IO, clay,
preh

Mafic minerals are replaced by chlorite
Chl& cal are amygdales
Vein of Cal& Qtz
Some of mafic minerals are replaced by
chlorite
Cpx & Pl are fresh
Highly altered ,fault rock
This sample is deeper than other
samples
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Appendix (A) (Continued)
Sample
galalah

Rock type

Texture

Major minerals
phenocrysts

Minor
minerals
phenocrysts

Matrix
minerals

Alteration
minerals

Remarks

Ga19

Basaltic andesite
Andesite

variolitic

Pl

Pl

Pl ,Qtz

Chl, cal

Matrix is highly altered , vein of Chl & Cal

Radiate

Pl(425-2054)
, Cpx

Cpx

Chl, clay,
cal

Elongate crystals of Pl make a radiate texture
IO is fine grain

Pl

Chl, sericite
&clay, IO

some of the mafic minerals altered to chlorite & ?? check after the
microprobe
iron oxides more than 10%

Pl, cpx, IO

Chl, cal

Matrix is Highly altered, most of Pl altered to Sericite, Some Px grains are
fresh, vien of calcite

Ga20

25%

60%

Ga21

Gabbro

Subophitic

Ga22

Andesite

subophitic

Pl, Cpx
Pl
(65%),Cpx(15)
IO (10%) Chl
(4%)
Qtz (<1%)
Pl(304-889m),
Cpx(254-615m)

Pl, Qtz

90%
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Appendix (A) (Continued)
Sample
Choman

Rock type

Texture

Major
minerals
phenocrysts
Pl(240-1030)
30%

Minor
minerals
phenocrysts
Cpx(200)
IO(He)

Matrix
minerals

Alteration
minerals

Remarks

Ch1

Basalt

Amygdaloidal,
porphyric

Pl

Chl, cal,
ser, clay

Some Mafic minerals are replaced by chlorite and Matrix is highly altered to
chlorite. Amygdales are cal, Qtz& Ze

Ch2

Basalt

Microliteporphyric ,
Amygdaloidal
porphyric

Pl
30%

Pl, cpx

Pl, cpx,
Mt Qtz,

Chl, cal, Ze

Ze, Chl & cal are amygdales
Both phenocryst and matrix are altered

Ch3

Basalt

Amygdaloidal,
Variolitic

Pl
25%

Pl, cpx,
sphene

Pl, Cpx,
Qtz

Chl, cal, Ze

Ch5

Basalt

Amygdaloidal
Variolitic

Pl
30%

Pl, cpx

Pl, cpx,
Mt

Chl, cal, ser

Two types of chlorite
Amygdales are cal, Chl & Ze
Vein of calcite
Pl has needle shape
Spot of iron oxide in the matrix

Ch6

Basalt

Porphyric

Pl

Pl, cpx,
Sphene

Chl, cal,
magnesite,
Ze

Ch7a

Pyroclastic

Megacryst of
OL* ,Pl,
Cpx 20%
OL*

Pl, Cpx

Pl

Ch7b

TrachyBasalt

Cpx,
OL*(750m)

Pl, cpx,
IO(He)

Chl, Ze, cal

Ch8

pyroclastic

Pl, Qtz,
IO

Cal,chl,clay

Ch9 &
Ch10
similar

Basalt

Pl, Cpx,
IO

Cal, Chl,
prehnite

Microliteprophyric,
Amygdaloidal,
Prophyric

Microliteprophyric

10%
Pl(706-1777)

30%

Pl
50%

Pl, Cpx
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Olivine phyric basalt,

Olivine grains altered to carbonate & chlorite
Plagioclase altered to calcite & clay
Vein of calcite
Ze &chl are amygdales
Matrix alterd to chlorite
Pl altered to Ser,Clay & Ze
Psuedomorph of Olivine replaced by chlorite ,zeolite and iron oxide

Highly altered, vein of calcite,
Calcite, prehnite and Zeolite are amygdales

Appendix (A) (Continued)
Sample
Choman

Rock
type

Texture

Ch11

Basalt

porphyrtic ,
Amygdaloidal

Ch12

Basalt

Amygdaloidal
Microliteporphyric

Major
minerals
phenocrysts
Pl(2221058)
40%

Minor
minerals
phenocrysts
Pl, Cpx

Matrix
minerals

Alteration
minerals

Remarks

Pl,

Pl(Ab), cal,
Chl, ser,
He

Most of the ground mass is carbonate and chlorite, Pl altered to ser &cal
vein of calcite crosscut the sample

Pl

Pl, Cpx, IO

Pl, Amp

Ab, cal,
Ze, Chl,
Qtz

Carbonate & Zoisite between the Pl grain, calcite is amygdale
Few phenocrysts of Plagioclase

Pl, Cpx,
Af??
25%
Af

Pl, Cpx

Chl, Ab,
Ze, Qtz

Pl, EP

Ab, chl, Ze
,He

Mafic mineral is replaced by chlorite
Cpx is fresh(370-747m)
Qtz and chert are amygdales
Most of mafic minerals altered to iron oxide & chlorite
Alkali feldspar (sanidine) grains are fresh

Chl, cal,
He, ser,
clay
Ze, chl,
cal,Ab

Highly altered,, Pl to sericite & clay ,Cpx to Chl & He

Pl ,Af
,Cpx, Ep,
IO
PL

Chl, cal,
clay

Highly altered

Cal, chl,
IO

Highly altered,
Pl to cal & clay

Pl, He

He, cal,
chl, ser,
clay

Both phenocrysts & matrix have highly been altered

55%

Ch13

Basalt

Amygdaloidal

Ch14

Basalt

Amygdaloidal ,
Porphyric

Pl
60%

Ch15

Basalt

Amygdaloidal
porphyric

Pl
40%

Pl, cpx

Pl, He,
Sphene

Ch16

Basalt

Pl

Pl

PL, glass,
Cpx, He

Ch17

Basalt

Amygdloidal,
Microliteporphyric
Porphyric,
Amygdaloidal

Ch18

Basalt

Ch19

Basalt

Amygdaloidal
Microliteporphyric
Amygdaloidal ,
Microliteporphyric,
Vesicular

Pl
5%
40%
Pl

40%
Ol, Pl

30%

Pl, cpx
35%
Cpx, Pl

Zeolite and chlorite are amygdale
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Appendix (A) (Continued)
Sample
Choman

Rock
type

Texture

Major
minerals
phenocrysts
Pl, cpx
50%

Minor
minerals
phenocrysts
AF, Qtz

Matrix
minerals

Alteration
minerals

Remarks

Ch20

Basalt

Amygdaloidal,
porphyric

Pl, cpx, Hb

Alteration intensity is very high
Pl altered to clay, ser & Ze

Porphyric

Cpx ,Pl, OL*
55%

Pl, Af?, Qtz

Pl, cpx

Chl, Cal,
He, ser, Ze,
clay
Chl, Ze, Ep,
Ab, cal, IO

Ch21

Basalt

Ch22

Basalt

Amygdaloidal
porphyritic

Pl
40%

Pl, Cpx

Pl, He

Ab, cal, Ep,
Chl, He

Ch23

Basalt

Amygdaloidal

Pl
55%

Pl, Cpx

Pl, He

Ch24

TrachyBasalt

Porphyric

Cpx(256-500)

Af, IO(207)

Pl, Cpx,
Qtz

Ab, cal, ser,
Tre, Ep,
Chl, He
Ab, act, Chl,
ser, Ep

Cal, Ep & He are amygdale, indicate to different kind of flux with
different times.
Pl altered to clay
Cal, Ep & He are amygdales, Indicate to different kind of flux with
different times??
Vein of calcite
Cpx phenocrysts is euhedral fresh grains

Ch25

Basalt

Ch27

Basalt

Amygdaloidal ,
Glomeroporphyritic
Seraite
Amygdaloidal
pilotaxitic

Pl(210-450)
60%
Pl(240,1010)

Pl altered to Epidote & Sericite
Pl, Qtz

Pl

Ab, chl, cal,
Ep, Ze,He

Different size of Pl,
Ep, Ze, cal, are amygdales

50%
Pl

Pl,Qtz

Pl

Ab, chl, Ze,
cal

Cpx , Pl

Pl, Cpx, Qtz

Pl, Sphene

Chl, cal,
clay

35%
Pl, Cpx
40%

Pl, Cpx

Pl, cpx, Ep

Chl, cal, Zo,

Two type of chlorite,
Most of Plagioclases phenocrysts is fresh
Cal& Qtz are amygdales
Recrystalliztion quartz in vugs
Most of the matrix is altered to chlorite
Zeolite, iron oxide and clay are amygdales,
Vein of calcite & Qtz
Matrix altered to cal, Chl, Zo, Ep
Ground mass is coarse grain of both Cpx & Pl
Phenocrysts are domeminted with Pl, and less Cpx

55%
Ch28

Basalt

Porphyric ,
amygdaloidal

Ch Q14

Basalt
Pillow

Amygdaloidal,
porphyric

Both phenocryst& matrix highly altered, Mafic phenocrysts are
completely altered
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Appendix (A) (Continued)
Sample
Mawat

Rock type

Texture

Major minerals
phenocrysts

Minor minerals
phenocrysts

Matrix minerals

Alteration
minerals

Remarks

M1

Basalt

Pilotaxitic
amygdaloidal,
Microlite-porphyic
Variolitic
amygdaloidal,
Microlite-porphyic
Pilotaxitic

Pl

Cpx( fine
crystals)

Pl, cpx, IO, Qtz

Chl, Ze, Anti

Chlorite replace the glass in matrix and fill the vug
Qtz in matrix between pl

Cpx

Pl, cpx, IO,

Chl, cal ,Qtz

Cal, Chl & Qtz are amygdales
IO more than 7%,Vein of Qtz and cal
Matrix altered to chlorite

Pl, Cpx

Cal, Chl

Calcite is more than 37%

Pl, cpx
40%

Pl, Cpx, Qtz, IO

Chl, Ze, cal, clay

Cal& Qtz fill the small vugs ,
Thin Veins of Qtz and calcite

Pl, Af
25%
Pl
40%
Pl ,Af
30%

Cpx

Pl, Cpx ,Qtz

Cal ,Chl ,clay, Ze

Most of plagioclase have zoning

Cpx

Pl

Cal, Chl, Ze, clay

Most of matrix is calcite

Cpx, Sphene,
IO

Af , Pl

Chl, IO,

Alkali feldspar > 17%
Euhedral olivine? Grains with altered rimes
, subhedral cpx fresh grains

Pl, Cpx
90%
Feld 53%,px
23%,chl 11%
IO 13%

IO, Ap

Pl , Cpx, Ep

Chl, antig, perh,
sericite

Large size of IO, Pl enclosed Cpx make ophitic
texture
, feldspar mostly altered to sericite,
Fresh Cpx (1650m), Pl(740-1992m), IO(785950m)

M2

Basalt

M3

Calic schist

M4

Basalt

Microlite- porphyric
amygdaloidal

M5

Pyroclastic

Pyroclastic

M6

pyroclastic

Pyroclastic

M7

pyroclastic

Pyroclastic

M9

Fine gabbro
Body of
gabbro

Ophitic,
subophitic

50%
Pl
40%
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Appendix (A) (Continued)
Sample
Mawat

Rock type

Texture

Major minerals
phenocrysts

M10

Basalt

Amygdaloidal
Variolitic

Pl
50%

M11

Basalt

Pyrophyric
Seriate

Pl (175-2170)

Minor
minerals
phenocrysts
Cpx

Matrix minerals

Alteration
minerals

Remarks

Glass ,pl ,IO

Cal, Chl, clay
,Ze

Glass between pl grains
Show typical variolitic texture

Af (688m),
sphene

Pl , Cpx

Chl, cal, Zo

Different size of Pl &Af in the matrix

40%
M12

Andesitic
basalt

Spherulitic
amygdaloidal

M13

Pyroclastic

Pyroclastic

M14

Diorite
Dyke

Poikilitic
subophitic

M18

Basalt

porphyritc

Pl (700m)
60%
Pl
25%
Pl,(2400-4000M)
Pl 79%,
Cpx12%, chl
5%,IO 4%
Pl, Cpx

Pl (Labrodrite& byotwnite)
Cpx(705m)

Pl, px, IO

Chl, cal, Ze

Most of matrix (galss) replace by chlorite & IO
Most of the amygdales are cal ,IO& chl

Qtz

Pl , IO

Plagioclase is most of phenocryst pl>70%

Cpx(5503200m)

Pl
,IO,AP,sphene

Cal, chl, Ze,
clay
clay

IO

Chl

Chl,

Most of matrix altered to Chl
Cpx phenocrysts are fresh
Pl altered to ser & clay
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M14 is diorite dyke intruding the upper part of the gabbroic
bodyM9
Most of cpx is fresh

a
r
e
a

Minerals in
sample
% range
Rock type

Leren Ln, Lw
Basalt, basalticandesite

Pl

Kf Cpx

(Af)
%
%
%
8-66 1-4
2-10
37-40 1-7
4-8

Hasanbag
Basaltic-andesite
Andesite

22-66 <1

Galalah
Basaltic-andesite
Trachy-basalt

35-65

0.5- 1-20
4

Choman
Basalt
Trachy-basalt

30-60

0.5- 1-20
4

Mawat
Basalt

40-65

1-14 1-15

Qalander
Basalt, Andesitic-

25-75

3-6 1-15

Ol*

HbI

%

2-20

0.5-3

IO

%

Chl

Ep

5-55
5-20

%
%
1-5
7-40
1-5
<1
25-27 1-5

2-25

1-5

10-40

1-5

5-35

1-10

3-40

1-8

2-17

1-4

4-35

0.5-3

2-60

Cal

%

0.5-5

0.5-1

0.5-10

Ze &
clay
%

Qtz

%

Tit

%

Texture

%
Amygdaloidal
Porphyric
Microlite-orphyric,
Vesicular, seriate
Porphyric,
Amygdaloidal,
Glomeroporphyritic
Decussate,
subophitic, Aphyric
Porphyic,
Amygdaloidal,
Trachytic , vesicular
Pilotaxitic ,Radiate,
spherulitic,variolitic

1-6

1-13
6-10

1-8
1-9

1-2
1-3

1-3

0.5-15

2-8

1.5-3

1.5-10

2-15

0.5-7

1

4-25

2-11

1-8

1-2

Amygdaloidal,
Porphyric
microlite-porphyric
vesicular

2-12

3-10

2-10

<1

0.5-6

1-15

3-24

-

Porphyric
microlite-porphyric
Amygdaloidal,
variolitic, Trachytic
Amygdaloidal,
Porphyric, Seriate,
Pilotaxitic

basalt

Amygdaloidal,
Porphyric
microlite-porphyric,
Glomeroporphyritic,
Trachytic, seriate
Appendix (B) Petrography table, Mineral abbreviations from Kretz (1994). Cal: calcite; Pl: plagioclase; Kf: K-feldspar; IO: iron oxide, Hbl: hornblende; Ep: epidote; Chl: chlorite;
Ze: zeolite; Tit: titanite (sphene); Ap: apatite.
Sheikhan

30-80

2-14 1-14

1-28

1-4

3-25

0.5-2

Andesitic-basalt,
Andesite
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1-28

1-13

2-16

-

area

Minerals
in sample
% range
Rock type
Plutonic

Cpx

HbI

IO

Chl

60%

12%

18.5%

6%

3%

0.99-1.4

1.1-2.7

0.88-1.3

0.33

Dolerite
H13,H14,H15,H
25,H28,H29

45-61%

20-37%

<1%

10%

0.84-2.5

0.98-1.35

Galalah
Dolerite , ga21

65%

10%

Hasanbag
Diorite H20

Choman

Mawat M9
Dolerite
Diorite

M14

Qalander
Dolerite Qsst
Sheikhan

Pl

Ep

Ze & clay Qtz

Tit

Ap

Texture

Phenocrys
ts
size

1.1- 4.5 0.89-1.2
No
plutonic
or dyke
53%
23%
0.72-1.9
1.7
79%
2.4-4
39%
0.4
67%

0.290.35
5%

<1%

4-10%

Subophitic,
ophitic

1-5%

<1
%

0.092
10%

13%
0.8-1

11%

4%

5%

12%
0.6-3.5
6%

40%

1%

6

15%

0.35-0.4
13%

3%

2%

5%

5%

ophitic
subophitic,
Poikilitic
subophitic

Ophitic
subophitic

8%

<0.2 Poikilitic,
%
subophitic
intergranular

Poikilitic
intergranular

Gabbro Sh13

1.6
1.25
1.6
0.27
Appendix (C) Petrography table, for subvolcanic rocks (dykes), see Appendix (B1)for Mineral abbreviations.
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Appendix D
Shows the XRD data for all studied samples
Note: the percentages of mineralogical components in the volcanic and associated rocks are determined by using Traces and SIROQUANT software, these results not necessarily
represent accurate modal percentage of minerals rather than gave the first suggestion of what the samples have and determine kinds of the clay minerals.

Hasanbag XRD data
samples
Quartz
Albite(low)
Bytownite
Anorthite
Orthoclase
Sanidine
Diopside
Hornblende
Actinolite
Epidote
Calcite
Magnetite
Chlorite
Prehnite
kaolinite

H1

H2

H3

H4

H5

H6

H7

H8

37.6
6

44.5
19

36.7
9.7

34.4
10.4
1.2

42.5
6.7
1.8
1.9
1.2
10.2

47.2
17.8
0.4

33.3
5.5

35.9
7.2

7.5

1.4
14.4

3.2
0.8
14.1

9.9

2.7

2.1

0.8

0.5
1
16.4

0.8
8.9

9

1.7

12.3

4.9
4.4
22.3

1.4

0.4

H9
2.2
46.9
9.4
2.1
1.2

H10

H11

H12

H15

38.9
5.1
0.6
1.3

40.5
3.6

33.8
11.8

34
17.5
1.9

1.8
4.5
3.6

4.1
7.3
22.4

2
1.5
16.6

9.6

7.8

3.2

1

12.6

0.9

2.9

28.5

21.3

24.2

18.1

19.7

18.3

31.5

27.5

1.9
0.4
21.3

8.7

4.7

7.2

4.4

5.9

6.1

10.9

10.7

4.6
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1
15.1

21.3

35.5

20.8

4.2

8.2

8.3

5.4

Hasanbag XRD data continued.
samples
H17
Quartz
1.3
Albite(low) 22.7
Labradorite
3.7
5.9
Anorthite
Orthoclase
Sanidine
Diopside
2
Hornblende
Actinolite
12.4
Epidote
Zoisite
Calcite
Magnetite
Chlorite
Prehnite
kaolinite
Biotite

H19

H20

32.3
1.5
13.9

41.8
6.1
0.9

2.6
1.8
16.9
0.5

13.7
20.2

H21
5.3
27.5
4.6

H22

H23

H24

37.7

47.1

40.4

15

4.5
3.7

6.9

3

1.5

12.1

0.5
2.7
11

2.7
2.4

12.5
3.9
1.8
17.7

H25
0.9
34.6
11

H26
31.1

1.6

3.7
0.7
2.2

8.6

14

H27
8.4
27.4
17.6

H28

H29

37.5

21.9

7.6
1.8
0.5
0.2
16.7

0.2

2.8

5

1.3

0.5

2.1

1.4

40.3

23.8

8

40

30.9

14.6

22.9

30.7

6.1
20.7

15.1

11.6

1.5

10.5

10.3

5.5

7.5

11

11.4
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6

6.1

43.9

26.7

35.6

10.4

10.3

12.6

Leren XRD data include both Walash and Naopurdan in Hasanbag area.
Sample

L1

L2

L4

L5

L6

Quartz

18.1

24.6

7.5

Albite(low)

12.8

0.9

Bytownite

2.9

2.1

L8

L9

L10a

3

1.2

1.8

7.6

38.2

50

30.3

27.1

1.5

37.8

2.4

6.9

5

4.6

4.9

4.2

Anorthite

L7

0.5
0.1

Hornblende

28.8

Tremolite

10.1

Actinolite

26.1

10.3

19.8

15.1

19.9

20.9

18.9
19.7

11.4

2.2

Zoisite

6.9

36.5

2.5

Calcite

3

27.3

Hematite
30.5

19.4

40.6

12.8

24.1

6

5.5

31.8

7.7

6
59.8

48.8

41.5

Prehnite
Magnesite

0.5

4.3

Diopside

Kaolinite

L11

0.1

Orthoclase

Chlorite

L10b

12

39.7

0.2

4.3

17.3

10.5

33

3

9

0.5
4.5

4.3

4.3

1.2

2.3

13.8

8.7

12.5

3.5

0.1

Biotite

0.3
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Leren XRD data continued.
Sample

L12

L13

L14

L15

Quartz

3.5

8.6

0.5

0.9

28.2

35.4

21.4

31

8.2

3

5.8

6.3

4.4

2.2

1.2

Albite(low)
Bytownite

11.8

Orthoclase

L16

0.4

Sanidine

0.3

2.5

0.2

Diopside

8.2

5.2

3.4

Hornblende

21.7

Tremolite

1.3

Actinolite

24.5

Epidote

0.1

12.5

4.6

3.4

11.8

20.5

24.6

7.8
5.5

7.6

4.2

4.5

12.3

1.9

Zoisite

0.4

Calcite

0.4

6.7

Chlorite

L17

0.4

28.1

27.5

26.7

24.5

25.3

45.9

9

9

9.6

6

7

12.4

Prehnite
Kaolinite
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Naopurdan XRD data in Qalander area.
samples
Quartz
Albite(low)
Bytownite
Anorthite
Diopside
Hornblend
Tremolite
Actinolite
Calcite 1
Hematite
Chlorite
Prehnite
Kaolin
Magnesite

Q1

4
47.1
6
18

Q2
6.3
36.7
8.4
1

21.5

10.8
2.7
16.2
0.4
1.7
11.8

3.4

4.1

Q3
3.2
35.5
5.2
2.2
1.3
8.8
3.9
12.5
0.8

Q4
7.6
34.8
4.6
3

Q5
9.9
48.8
10.3
3

1.7

4.4

Q6
14.5
49.4
6
0.1
2.4
3.2
3.5
6.9

18.2

1.1
40.7

4.4
13.4

4.4
7.8

8.3

6.5

3.3

1.8

2.5

Q7
3.8
26.4
6.6
0.7
11.3
13.3
2.7
1.4
18.3
10.2
5.2
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Q8
8.4

3.7
35
4.6
37.3

Q9
8
34.7
7.5
3.3
4.1

Q10
24.1
20
3.6

Q11
6.8
10.2
1.7
2.2
26.7
13
25.2

2
1.1

6.9

32.6

1
39.3

4.2

6.5

12

Q12
17.9
19.2
4.2
2

9.1

39.9

5.1

16.2
0.6

Naopurdan XRD data in Qalander area continued.
samples
Quartz
Albite(low)
Labradorite
Bytownite
Anorthite
Orthoclase
Sanidine
Diopside
Augite
Hornblende
Tremolite
Actinolite
Epidote
Calcite
Hematite
Chlorite
Prehnite
Kaolin
Magnesite
Ilmenite
Biotite

Q13
10
28.8
7.4
1

Q15
5.5
4.7
3
15.3

3
3.6

Q16

Q17
10
38.9
0.9
4
2.7
0.8

58.4
11.5
3.9
3.2
0.5

40.2
2.5
13.4

5.4
3.6
7

3
3.4
10.2

29.3

4.6
0.2
0.5
1.2

1.8

1.4

36.3

3.6

14.8
0.2

1.9

4.9

5.7
9.6
3.9
2.9
1.7

29.7

30.9

Qsst
8.2

0.8

354

Naopurdan XRD data in Sheikhan area
samples
Quartz
Albite(low)
Labradorite
Bytownite
Anorthite
Orthoclase
Sanidine
Diopside
Augite
Hornblende
Tremolite
Actinolite
Epidote
Zoisite
Calcite
Magnetite
Hematite
Chlorite
Prehnite
Kaolinite
Magnesite
Ilmenite
Biotite

sh2
8
10.5
3.1

12.6
3.8
2.7

sh3
12.2
22.2

sh4
10.5
70.6

sh5
15.9
18.4

sh6
1.2

4.3
0.5
9.7
0.2
2.8

6.2
2.3

9

0.5
0
0.1
3.5

2.2
0.4

sh7
10.9
48.9

sh8
10.1
41.1

sh9
1.7
37.8

sh10
13
30.8

sh11

10.2
4.6

9.1

10.2

8.5

4.1

2

0.5

1

36.4

sh12
7.2
34.2

sh13
0.6
35.3

sh14
17.2
34.8

14.2
1.3
2.5
0.7
14.1

13.1
1.2
1.7
0.3
0.3

22.7
2.6

7.5

4.7

11
1.3
17

2.3
17.5

4.6

13.5

4.2

20.8

0.3
44.6

28.5

2.9

1.4
10.1

2
12.3

0.8
1.7
2.9

3.2

4.9

2.7

27.4
8.4

92.6

1.1
0.2

2.7
9.6

25.2

25.6

17.3

11
2.6
1.2
6.4

4.5

12.5

10.2

4.9

4.2

0.4
3.1

355

10.9

3.3
1.1
0.7

0.3
0.2
0.5

20.2

2.9

3.5
22.6

10.9

2.4

8.3

Walash calc-alkaline XRD data form Mawat area.

samples
Quartz
Albite(low)
Labradorit
Bytownite
Anorthite
Orthoclas
Sanidine
Diopside
Augite
Hornblend
Tremolite
Forsterite
Calcite
Magnetite
Hematite
Chlorite
Prehnite
Kaolin
Magnesite
Ilmenite
Biotite
Antigorite
Sphene
Zeolite
Apatite

M1
11.4
48.9

M2
8.1
49

M3
20.3
10.4

M4
21.1
41.4

5.7
7.9

11.1
3.5

3.6
3.7

3.1
4.3

0.2

1.7
1.5

2.5

1.9

5.8
0.8

36.3

9.3

7.5

2.3
3.2

M5
3.3
11.3
8.6
1.6
20.4
0.8

M6
2.5
8.5
13.7
3.4
9.4

0.6

2.9

37.1

48.5

M7
14.1
13
17.4
1.3
4.9
14.5
4.3

M9

M10

29.2
18
6.2
7.6

23.7
15.8
19.3
0.9

14

1.3

6.2
1.5
0.6
1.1
15.7

1.4
2.8
16.8

6.8
4.6

4

2.3
1
1.2
0.6
2.4
0.7
2.9

0.2
2.1

2.8

7.8
1.6
1.4
2.7

4.9
1.2

2.4

6.1
2.7

1.8
2.3
0.9
2.6

2.5
1.5
2.5

1.1
0.9
2.6

9.1

8.6

8.2

5.6

5.7
4.1
2.1

0.8
3.3
2.6
2.4
0.5
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7.2
1.5
1.4
0.3
0.6
0.8
0.3
3.1

M11
2.6
3.8
38.8
17.6
2.1
4.5
8.3

M12
34
2.6
23
6.2

M13
13
14.9
23.2
5.7
24.2

M14
52.5
29.9
8.4

12.5

0.9
0.1
0.9
2.1
1.5
0.9
3.1
4.7

1.1
1.6
2.6
2.9

12.9

13.4

0.9
2.7

1.4

0.8

1.3

1.8

0.9
0.7

1.1
0.8
2.8

1.9

0.4
4.6
1.6

Walash alkaline XRD data form Choman area.
samples

ch1

Quartz

ch2

ch3

ch4

ch5

ch6

2.2

2

3.2

1

2.2

0.4

41.7

35.4

ch7a

ch8

ch9

ch10

ch11

ch12

3.5

4

2.5

2.4

3.5

42

37.5

29.8

36.2

37.9

31.2
3.5

Albite(low)

27.7

40.2

28.9

Bytownite

7.7

6

7

6

4.4

4.1

10.4

8.9

9.5

8.8

1.6

1

7.3

5.8

5.5

2.3

6

3.1

5.1

0.6

1.4

1.6

1

0.6

3.8

2.6

3.6

2

2.4

2.9

2.7

2.7

3.1

0.6

1.3

0.5

4.1

Anorthite
Orthoclase

0.9

Sanidine
Diopside

0.9
0.3

2.5

2.9

7.4

Augite

0.3

Hornblend

1.4

Tremolite

0.6

Zoisite
17.5

24

34.4

Hematite

0.3

3.8

Chlorite

32

15.1

88.6

1.3
7.1

17.2

11.1

15.8

25.2

18.9

11.6

20.9

0.9

2.8

4.2

6.4

5.5

6.6

6.7

5.8

6.9

16.9

16.7

17.7

14.8

8.7

5.7

7.6

15.7

9.7

0.7

4.1

0.7

Prehnite

0.9
10.9

3.8

5.7

Magnesite
Ilmenite
Biotite

0.4

0.7

Calcite

Kaolin

0.9

0.3
2.8

0.9

0.2

1.2

5.3

6.1

4.5

2.4

2.7

3.4

3.9

3.7

0.5

0.5

1.4

0.4

0.5

1.1

0.8

0.2

0.3

0.4

0.3

3.3

3.8

3.9

0.3
3.8

0.5
3.4

3.9
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6.1

6.9

Walash alkaline XRD data form Choman area continued.
samples
Quartz
Albite(low)
Labradorite
Bytownite
Anorthite
Orthoclase
Sanidine
Diopside
Augite 1
Hornblende
Tremolite
Actinolite
Fayalite
Epidote
Zoisite
Calcite
Magnetite
Hematite
Chlorite
Prehnite
Kaolin
Magnesite
Ilmenite
Biotite

ch7b
0.8
33.4
4
7.7

6.2

0.4

3.9
5

ch13
3.1
19.4
1.4
0.2
10.3
5.7
5.5
4.8
2.4
0.5
0.3
0.4

41.9

ch15
0.6
42.7

ch16
0.8
43.6

6.7
4.2
2.2

11.47
5
0.7

7.5
1.2

1.8

1.6

2.5

1.5
2.2

0.6
0.1

ch17
1.7
24
0.4
2.2
4.5
3.3
0.3
8

ch18
0.7
35.3

ch19
0.7
40.8

ch20
2.9
37.3

8.7
2

9.2
2.3
0.3

6
2.3
2

3.7

2.4

4.1
0.2
1.6

0.2
0.9

0.4
0.2

0.7
5.6

10.6

4.4
1

0.5
4.6
21.3
1
6.1
0.3

9.6
10.7
0.6
4.5
0.7

4.9
12.5
0.3
4.1
0.4

4.1

8.5

7.2

4.5

6.2
22.8

3.7

ch14

23.1

2.8
13.9

32.1

27.6

0.9
1.4
12.1

6.9
6.6

5.5
24.7

5.2
5.5

7.2
3.3

9.6
7.6

3.7
1
0.7
1.4

1.9
0.6

2.7
1.8
0.6
1.6

1.8
1.1
0.7
2

3.6
3
1.2
4.2

5.7

358

Walash alkaline XRD data form Choman area continued.
samples

ch21

ch22

Quartz

11.1

0.7

Albite(low)

22.6

33.2

Bytownite

5.3

Anorthite

1.5

Orthoclase

2.5

ch23

ch25

ch26

ch27

ch28

1.2

4.6

14

8.6

2.1

32.5

25.7

28.8

5.3

42.7

23.9

33.9

8.9

6.6

8.3

5.7

0.5

6.8

4.9

9.5

4.1

1.4

4.5

2.3

2

4.3

1.9
4.1

2.5

3.2

Sanidine
Diopside

2.8
8.6

5

2.4

Augite
Hornblende

13.7

0.5

1.5

0.8

2.4

2.1

0.1

Actinolite

0.6

Epidote

3.8

Zoisite

3.3

Calcite

14.8

23.9

27.8

Hematite

4.2

4.7

7.5

Chlorite

16.3

10.2

2.7

1.3

1.9

4.9

0.7
0.8

0.6
1.3
7.6
14.4

43.6

12.8

7.5

3.4

4.7

3.4

0.7

18.9

15.4

14.3

41.2

8.9

5.2

4.1

10.1

3.3

0.4

0.4

0.2

1.8

0.3

2.9

2.4

8.4

Magnesite

1.4

0.6

0.2

Ilmenite

0.6

0.2

2.9

7.2

0.9

12.8

28.5

1.5
3.7

19.2

1.3

Prehnite

Biotite

1.4

6.1

Tremolite

Kaolin

ChQ14

ch24

5.2

2.2
6.2

1.6

4

359

0.5

2.2

Walash alkaline XRD data form Galalah area.
samples

Ga2

Ga3

Ga4

Ga5

Ga6

Quartz

3.8

3.8

5.3

13.3

0.2

Albite(low)

40.6

33.5

39.1

30.7

57.7

Ga7
44.1

Ga8

Ga9

Ga11

Ga12

Ga13

Ga14

Ga15

Ga16

Ga17

Ga18

6.5

6

7.2

3.2

6.3

5.2

6.7

5.9

2.5

1

31.5

45.3

46.1

40.8

44.3

59.5

45.8

31.8

26.8

33.2

39.6

45.6

44.9

Labradorite
5.9

14.4

13

1.4

Anorthite

1.2

2.6

1.1

2.6

2.2

7.6

7.5

0.8

0.9

2

0.2

Orthoclase
Sanidine
Diopside

2.8

9.4

2.9

Magnetite

4.9

1.8

5.5

1

1.7

0.4

0.3

0.1

15

27.7

Hematite
35.3

19.9

11.2

11.6

9

14.4

11.6

13.2

9.5

9.5

9.2

13.9

13.2

16.5

3.9

1.4

4

3.1

7.4

1.1

3.4

5.3

3.7

7.2

2.9

7.1

5.9

8

1.7

1.2

0.5

0.1

1.1

1.1

1.4

9.6

2.1

11

0.8

0.3

0.7

4.6

0.5

1.6
0.5
2.4

18.8

3.6

4.9

0.4

0.7

0.1

2.8

6.6

9

2.5

2.7

4.7

3.5

0.7

3.5

0.4

1.4

0.8

2

1.9

0.8

0.8

1.3

5.9

11

15.6

22.7

1.5

1.4

3

0.5

12.7

12

16.8

15.8

15

20.6

18.2
0.6

0.6

1.2

0.5

3
23.2

18.3

16.9

10.2
2.6

3.2

19.9

12.5

4.6

9.5

10.4

1.5

2.6
10.4

14.4

Magnesite

0.1

Ilmenite

0.4

Biotite

7.6

10.7

Prehnite
Kaolin

Ga22

21.1

0.7

Augite

Chlorite

Ga21

3.3

Bytownite

Calcite

Ga20

10.9

6.5

10.5

10.5

11.8

0.3

0.2

0.6

0.3

0.1

0.6

2.5

10.7

7.4

9.7

11

4.6

9.2

9

11.4

0.1
0.4

0.3

0.5

9
0.3

0.6

1.6

0.5

0.8

0.4
1.2

360

0.1

0.6

0.6

Appendix (E) CIPW data for Paleogene Walash (alkaline and calc-alkaline) volcanic and subvolcanic rocks

Sample
chQ14
CH5
CH24
CH7b
ga3
ga7
ga8
ga13
ga17
ga20
L13
L14
L16
M1
M2
M7
M11
M12
M13
M18
Ga21
M9
M14

Q
0.00
0.00
0.00
0.00
4.09
2.28
6.07
7.38
7.18
1.28
3.67
2.45
2.55
16.73
7.58
14.78
2.94
0.00
7.75
1.94
11.5
0.0
2.3

C
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.34
0.00
0.00
0.00
0.00
0.00
1.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Or
2.60
3.78
13.41
1.42
5.67
1.65
3.37
3.31
2.01
0.65
0.00
5.26
1.24
2.72
4.67
26.36
2.84
3.78
8.92
1.18
3.3
5.4
14.9

Ab
20.81
36.47
17.58
28.52
42.05
42.05
37.06
49.42
31.82
38.84
29.79
35.88
35.12
41.55
35.88
24.37
26.23
20.00
30.63
35.45
36.1
44.5
47.2

An
21.58
22.86
26.29
29.79
15.51
19.32
16.88
14.75
19.64
19.21
29.66
27.43
23.97
12.31
19.97
14.58
32.39
27.46
20.60
20.33
12.7
21.8
11.3

Ne
4.95
0.00
3.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.67
0.00
0.00
0.00
0.00
0.00

Di
27.94
7.58
16.73
6.74
0.98
0.22
3.13
0.00
8.25
7.30
13.66
0.00
5.06
0.00
7.49
0.00
3.25
23.02
10.26
8.56
0.0
1.0
3.5

Wo
3.80
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
7.76
0.00
0.00
0.00
0.00
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Hy
0.00
2.30
0.00
0.27
6.94
10.06
9.16
7.52
10.52
12.08
7.67
12.73
13.47
11.28
7.88
10.64
9.93
0.00
0.00
14.09
9.5
9.7
4.3

Ol
0.00
6.97
4.20
12.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.31
0.00
0.00
0.0
1.0
0.0

Il
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.18
0.4
0.3
0.3

Hm
8.13
10.03
8.27
10.08
10.92
12.41
11.26
9.71
11.60
11.42
10.11
11.23
11.72
10.85
10.79
5.92
11.18
10.58
3.92
12.01
17.0
9.5
9.8

Tn
0.00
1.52
0.00
1.55
3.34
3.66
4.05
0.00
2.60
2.77
1.99
0.74
2.26
0.00
1.74
1.25
5.25
0.00
0.83
2.76
5.5
4.0
4.3

Pf
1.45
0.00
1.12
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.82
0.00
0.00
0.00
0.00
0.00

Ru
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.77
0.00
0.00
0.00
0.29
0.00
0.90
0.00
0.26
0.00
0.00
0.00
0.00
0.4
0.0
0.0

Ap
0.76
1.16
1.75
1.26
3.10
0.99
1.40
1.54
0.69
0.85
0.50
0.31
0.62
0.28
0.19
0.33
0.81
1.07
0.40
0.26
1.1
0.9
1.2

Pr
0.20
0.17
0.25
0.24
0.32
0.36
0.29
0.30
0.30
0.42
0.25
0.46
0.34
0.25
0.34
0.17
0.34
0.29
0.19
0.11
0.00
0.00
0.00

Appendix (F) CIPW data for Paleogene Naopurdan volcanic and subvolcanic rocks
SH4
SH5
SH7
SH8
SH9
SH10
SH13
SH14
Q3
Q4
Q5
Q6
Q9
Q11
Q13
L1
L2
L11
L12
L15
L21
L9

16.67
19.13
14.75
14.78
7.36
23.56
2.91
18.03
5.73
13.73
15.30
19.11
9.10
12.30
18.40
0.83
22.76
3.41
3.27
0.00
12.86
1.89

0.26
0.86
0.00
0.90
1.14
0.70
0.00
0.00
0.00
4.57
0.00
0.00
0.00
0.00
0.21
0.00
0.00
0.00
0.00
0.00
4.00
0.00

0.12
4.55
3.01
4.02
1.18
5.44
8.63
7.33
0.00
0.71
0.00
0.00
0.00
0.35
3.31
4.08
7.92
3.55
0.12
7.74
12.47
2.36

62.96
24.71
45.44
39.60
47.05
37.99
34.27
28.77
38.25
36.30
38.16
39.52
30.80
14.55
26.40
2.88
19.89
4.06
12.18
26.40
23.35
25.98

7.55
21.19
10.57
13.43
14.19
11.30
15.98
22.93
20.56
11.50
24.12
19.69
25.11
18.92
25.14
28.20
16.38
26.77
29.30
26.47
19.17
21.44

0.00
0.00
0.02
0.00
0.00
0.00
13.97
0.54
6.88
0.00
8.53
5.59
13.18
17.46
0.00
11.96
9.03
4.07
6.18
2.58
0.00
19.01

4.18
15.57
10.18
12.50
14.15
7.87
10.28
8.64
15.62
18.71
1.47
4.33
10.00
21.99
13.60
37.92
15.34
41.55
35.29
20.33
14.07
11.86

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
4.12
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.44
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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0.00
0.00
0.00
0.00
0.00
0.00
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.34
0.36

6.06
9.94
9.00
8.95
11.07
10.38
6.85
9.98
8.09
9.68
9.78
8.73
7.50
10.77
9.53
9.37
4.96
9.83
9.24
7.28
9.03
11.14

0.00
0.00
0.81
0.00
0.00
0.00
1.23
0.81
0.44
0.00
0.61
0.74
0.37
0.00
0.00
0.27
0.20
0.25
0.22
0.37
0.00
3.58

0.31
0.32
0.00
0.35
0.36
0.35
0.00
0.00
0.00
0.26
0.00
0.00
0.00
0.00
0.16
0.00
0.00
0.00
0.00
0.00
0.09
0.00

0.21
0.14
0.24
0.17
0.14
0.17
0.14
0.26
0.07
0.09
0.17
0.17
0.07
0.02
0.02
0.09
0.02
0.07
0.07
0.02
0.12
0.47

0.19
0.32
0.20
0.37
0.37
0.37
0.00
0.22
0.22
0.22
0.14
0.15
0.19
0.00
0.24
0.25
0.20
0.32
0.27
0.20
0.00
0.00

Appendix (G) CIPW data for Late Cretaceous Hasanbag volcanic and subvolcanic rocks.
Sample
H1
H2
H3
H4
H5
H6
H7
H10
H11
H12
H17
H19
H22
H23
H24
H26
H15 S
H20 S
H25 S
H29 S

Q
2.14
3.42
3.40
4.55
4.25
4.03
3.17
4.23
3.83
2.27
1.77
2.48
1.36
2.97
2.48
4.00
3.9
2.7
3.4
3.8

Or
0.24
1.18
1.36
2.95
2.01
1.24
1.77
2.54
0.06
1.24
4.31
2.66
0.41
2.25
2.01
2.13
0.0
3.4
4.1
0.8

Ab
38.50
36.64
38.75
37.49
40.70
39.35
35.79
42.65
37.40
34.27
33.09
34.78
42.73
49.84
38.16
34.44
25.7
49.0
31.8
22.8

An
22.41
21.28
21.49
20.74
19.23
20.66
22.12
17.85
22.48
25.29
22.78
22.54
20.81
19.42
21.40
22.03
14.9
19.3
21.8
20.1

Di
11.25
13.13
7.96
8.93
6.96
10.26
7.59
8.30
9.86
7.96
0.00
9.97
1.52
0.61
11.77
9.32
24.9
4.1
11.2
19.5

Hy
9.70
6.17
8.96
8.42
9.33
7.25
11.08
7.89
9.08
11.40
19.18
10.77
14.47
8.18
7.69
8.73
10.1
6.2
8.8
9.2

Il
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.4
0.4
0.3
0.4

Hm
9.88
10.96
10.98
10.43
10.64
10.60
11.23
10.16
10.66
10.69
10.58
10.51
11.48
10.77
9.70
12.06
13.1
10.3
12.1
14.8
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Tn
2.16
2.38
2.36
2.26
2.28
2.31
2.16
2.41
2.06
2.11
1.44
1.99
2.09
2.41
2.01
2.53
2.1
1.7
2.1
2.6

Ru
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.19
0.00
0.00
0.00
0.00
0.00
0.0
0.0
0.0
0.0

Ap
0.54
0.66
0.69
0.69
0.66
0.66
0.59
0.71
0.57
0.57
0.50
0.57
0.57
0.81
0.54
0.69
0.5
0.8
0.6
0.4

Pr
0.25
0.25
0.27
0.27
0.25
0.27
0.27
0.25
0.27
0.27
0.27
0.27
0.29
0.27
0.25
0.32
0.00
0.00
0.00
0.00

